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ABSTRACT
Emerging infectious diseases threaten amphibian species around the globe.
Ranavirus (Family: Iridoviridae) is associated with the majority of amphibian deaths in
North America, with some species exhibiting mass mortality events in short periods of
time. In contrast, some amphibian species show the capacity to resist or tolerate infection.
Resistant individuals exhibit reduced infection intensity, while tolerant individuals
display reduced fitness effects given the infection intensity. My research focused on how
amphibian host dynamics at community, population, and individual-level scales relate to
the wide variation in Ranavirus prevalence and severity. Through my work, I
documented the first reports of Ranavirus in the state of Vermont and recorded the
species Frog-virus 3 (FV3) at relatively low prevalence in many amphibian species and
life stages across wetlands. Overall, my results contribute to our understanding of hostpathogen dynamics, particularly for this deadly amphibian disease.
I investigated the relationship between host biodiversity and Ranavirus in my first
chapter. Previous studies in other systems have documented a negative relationship, with
host diversity ‘diluting’ disease risk, while other systems have observed the opposite,
with diversity amplifying disease risk. Although I hypothesized a dilution effect, I found
the presence and abundance of certain amphibian species (e.g., Pseudacris crucifer)
positively related to and amplified Ranavirus prevalence. However, other species (e.g.,
Notophthalmus viridescens) were associated with reduced population or community
prevalence, and many individuals harbored asymptomatic infections. Little is known
about the capability for these more resistant and tolerant species to serve as reservoirs, or
sources of infection, for other more susceptible species.
The American bullfrog (Lithobates catesbeianus) is a species that has shown
experimental resistance and tolerance to FV3. For my second chapter, I provided the first
assessment of concomitant infection of Ranavirus and helminth macroparasites in
invasive populations of bullfrogs in South America. In Brazil, bullfrogs are farmed for
their meat and have invaded the Atlantic Forest, which houses many of Brazil’s endemic
anuran species. Asymptomatic Ranavirus infection was common in invasive bullfrogs,
suggesting they can serve as sources of infection to native species. Co-infection by
helminth macroparasite taxa was also common. I found a significant negative relationship
between Ranavirus viral load and nematode abundance, and Ranavirus-infected bullfrogs
had lower total macroparasite abundances. This suggests a trade-off in immune response
may be occurring: individuals who may be effective at controlling macroparasite
abundances could be more susceptible to pathogen infection and vice-versa.
Individual host immune response most likely contributes to the variation in
Ranavirus susceptibility and mortality observed even within populations. The Major
Histocompatibility Complex (MHC) generates and modulates acquired immune response
in all jawed vertebrates. For my final chapter, I used an experimental approach to
determine whether MHC haplotypes were associated with the mortality and viral loads of
experimentally infected wood frog (L. sylvaticus) tadpoles. I detected 24 unique
haplotypes in 33 of the most susceptible and resistant individuals, which formed 4
haplotype supergroups. One supergroup (VT-02) had more resistant and fitter individuals,
while another had higher mortality (VT-03). I detected diversifying selection on multiple
amino acid sites across the MHC gene in all supertypes, indicating positive selection on
the MHC gene may reflect pressure from other sources.
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INTRODUCTION
Viruses are considered to be the most ubiquitous and abundant organisms in the
world, with an estimated 1031 viruses across the globe (Breitbart and Rohwer 2005). In
fact, mathematical models have predicted that the diversity of viruses found in 1 kilogram
of marine surface sediment is larger than the diversity of all reptiles on the planet
(Breitbart et al. 2004). Not only do they serve as a reservoir for the greatest genetic
diversity on Earth, but they are also important agents of host mortality and are central in
global geochemical cycles (Suttle 2005). Considering viral abundance, diversity, and
ecological importance, surprisingly little is known about their biogeographical
distributions, community structure, and ecological dynamics (Breitbart and Rohwer
2005). This is especially true for viruses associated with emerging infectious diseases
(EID) in wildlife (Daszak et al. 2000), even though most EID events are dominated by
zoonoses originating in wildlife (Jones et al. 2008). Historically, wildlife diseases were
only considered important when agriculture or human health were under threat (Daszak et
al. 2000). However, the advances in host-parasite population biology and ecology
(Anderson and May 1979; Anderson and May 1986) and disease outbreaks in endangered
species (McCallum and Dobson 1995; Heard et al. 2013) revealed the detrimental
consequences of wildlife pathogens. Furthermore, emerging infectious diseases have
been reported increasingly as causes of death in wild animals (Daszak et al. 1999; Green
et al. 2002; Lips et al. 2006; Blehert et al. 2009) and studies have revealed an important
role for infectious agents in the population biology of wild animals (Anderson and May
1986; Tompkins and Begon 1999). However, few empirical studies have considered the
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strengths and interactions between biotic and abiotic mechanisms that affect disease
dynamics, especially in wild animal systems (Vander Wal et al. 2014).
The genus Ranavirus encompasses a group of large, double-stranded DNA
viruses (family Iridoviridae; Gray and Chinchar 2015) and provides an example of the
ubiquitous, yet relatively unknown, nature of viruses. These viruses infect a wide range
of species, are transmitted through multiple routes, and have large, varying effects
between species and populations, making them more general than most viruses; thus, they
provide a unique system within viral studies. Ranaviruses have been documented in 32
countries on 6 continents and possess an extremely large host range, with the capability
of infecting multiple species across classes (Chinchar and Waltzek 2014), specifically
bony fish (Actinopterygii), reptiles (Reptilia), and amphibians (Amphibia). Amphibians
(Lissamphibia) are a diverse and abundant group of organisms that serve as indicators of
environmental health and are a vital link in the food web (Wake 1991). However,
amphibian populations worldwide have been in decline, and studies point to emerging
infectious diseases as one of the major contributors (Gray and Chinchar 2015; Harp and
Petranka 2006). Specifically, they have been shown to be particularly susceptible to
ranaviral disease: one study reported that the most common cause of amphibian mortality
events in North America was infection by ranaviruses (Green et al. 2002). Other studies
have reported that ranaviruses are resulting in population declines (Teacher et al. 2010;
Gray and Miller 2013; Price et al. 2014; Wheelwright et al. 2014) and have the potential
to cause local extinctions (Earl and Gray 2014).
There are 3 of the 6 Ranavirus species known to infect amphibians: Frog virus 3
(FV3), Ambystoma tigrinum virus (ATV), and Bohle iridovirus (BIV). They have been
2

reported in at least 105 amphibian species in 18 families (Duffus et al. 2015). Ranavirus
FV3 is widespread in many parts of the world, prevalent in the northeastern United
States, and the same strain can infect across multiple species and vertebrate classes (Gray
and Chinchar 2015). Transmission of the virus can occur through several routes,
including through water and substrate, direct contact, and ingestion of infected
individuals (Brunner et al. 2015). Although the symptoms vary between host and
pathogen species, host life stage, and transmission route (Brunner and Collins 2009;
Hoverman et al. 2010; Hoverman et al. 2011; Hoverman et al. 2012; Brunner et al. 2015),
the viruses generally cause lethargy, internal and external hemorrhaging, swelling of the
body and legs, and erratic swimming, with fatal cases involving necrosis in the liver,
kidney, and spleen (Miller et al. 2015). Additionally, the amphibian ranaviruses have a
general trend in the timing of outbreaks, with most die-offs occurring rapidly in the mid
to late-summer months (Brunner et al. 2015). Although these patterns can be observed,
there are notable exceptions: the timing of outbreaks in certain species, like bullfrogs, is
much later in the summer (Une et al. 2009) and individuals can be asymptomatic (Robert
et al. 2007; Morales et al. 2010). Unsurprisingly, the mortality rate of infected individuals
is also inconsistent (Hoverman et al. 2011), which leads to apparently healthy tadpoles
persisting while others around them perish (Harp and Petranka 2006, Miller et al. 2011).
The outcomes of these outbreaks can vary between species, populations, and
location, ranging from no apparent mortality to mass die-offs (Green et al. 2002;
Wheelwright et al. 2014). Factors, such as host life stage, temperature, and anthropogenic
influences (i.e., human visitation and pesticide use), have been implicated in this
variation and can lead to confounding results (reviewed in Brunner et al. 2015). For
3

example, the seasonal timing of Ranavirus outbreaks coincides with both high
temperatures and often the metamorphosis of amphibian larvae. However, Arial and
Jensen (2009) found that multiple amphibian Ranavirus species replicated faster with
increasing temperature up to a certain optimum; whereas another study showed that
salamander larvae reared in lower temperatures experienced higher mortality after
exposure to ATV and proposed that the immune system could be suppressed in colder
temperatures (Rojas et al. 2005). Additionally, the process of larval metamorphosis
involves natural immunosuppression (Rollins-Smith 1998; Carey et al. 1999); thus, it has
been hypothesized that some of the variation in Ranavirus outbreak timing could be
explained by host life stage. Still, one study found a 1.7-fold increase in mortality of
wood frog tadpoles exposed to Ranavirus with increasing Gosner (1960) larval
development stages (Warne et al. 2011), while another found that metamorphosis was not
always the most susceptible stage (Haislip et al. 2011). Finally, further environmental and
anthropogenic factors may contribute to the variance in disease prevalence and host
mortality, as well. Studies have shown increased probability of outbreaks in areas with
cattle access (Gray et al. 2007; Greer and Collins 2007; Hoverman et al. 2012), low
elevation (Gray et al. 2009; Sutton et al. 2015), high elevation (Gahl and Calhoun 2010),
salinity stress (Hall et al. 2020), pesticides (Forson and Storfer 2006; Kerby and Storfer
2009; Kerby et al. 2011), and invertebrate scavenging (Le Sage et al. 2021).
Although there is strong evidence that Ranavirus replication and the outcome of
infection depend on the host and virus species, as well as other confounding
environmental and anthropogenic factors (Speare and Smith 1992; Grant et al. 2003;
Rojas et al. 2005), ranaviruses have the potential to impact ectothermic vertebrate
4

populations and can often trigger significant morbidity and mortality (Price et al. 2014).
Investigating the drivers of outbreak variation not only furthers our understanding of
generalist viruses and infectious disease ecology in general but could also inform
amphibian conservation efforts. My research showed that Ranavirus is indeed present in
Vermont, an area where it had not yet been documented. My work focused on how
amphibian host dynamics at community, population, and individual-level scales relate to
the wide variation in Ranavirus prevalence and severity. Through my work, I
documented the first reports of Ranavirus in the state of Vermont and recorded the
species Frog-virus 3 (FV3) at relatively low prevalence in many amphibian species and
life stages across wetlands. Here, I investigated the role of host diversity, reservoirs and
co-infection, and genetic variation in immune response in Ranavirus ecology and
epidemiology. Overall, my results contribute to our understanding of host-pathogen
dynamics, particularly for this deadly amphibian disease.
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CHAPTER I: HOST BIODIVERSITY AND DISEASE PATTERNS IN AMPHIBIAN ASSEMBLAGES :
CONCURRENT DILUTION AND AMPLIFICATION OF RANAVIRUS FV3

Abstract
In disease systems, the dilution effect predicts that an increase in host species richness
leads to a decrease in pathogen prevalence because theoretically the number of competent
hosts decreases as more species are added. Ranaviruses are deadly amphibian pathogens
that provide a good test for the dilution effect because they differentially infect many
amphibian host species. We sampled 31 Vermont wetland amphibian assemblages from
2016 to 2019, collecting a tissue sample from every amphibian species encountered in
any life stage. We extracted and amplified viral DNA and tested for the presence and
amount of Ranavirus using quantitative PCR. Host diversity was estimated using species
richness and evenness metrics and prevalence was estimated from a beta distribution. We
tested for patterns in the diversity-disease relationship using a combination of
randomization tests, generalized linear mixed models, and logistic regressions. Contrary
to our expectations, the amphibian communities instead demonstrated no relationship in
years 2016-2018 and an overall amplification effect in 2019: there was a positive
relationship between amphibian species richness and Ranavirus prevalence. However, the
net effects across years resulted in no overall relationship. Across years, Pseudacris
crucifer had the highest Ranavirus prevalence, and its presence and abundance amplified
total site prevalence. Eastern newts (Notophthalmus viridescens) exhibited a dilution
effect, but it was not strong enough to diminish the positive trend in prevalence and host
diversity. The amplification effect, caused by a few highly competent hosts in more
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diverse wetlands, likely increases the abundance of inoculum sources, which may
override any potential negative effect of adding less competent hosts.

Keywords: dilution; amplification; biodiversity; amphibian; disease; Ranavirus

Introduction
Emerging infectious diseases contribute to the global loss of amphibian biodiversity.
The recent IUCN red list estimates 41% of all amphibian species are threatened or
endangered (IUCN 2022). Ranavirus (family: Iridoviridae) and Batrachochytrium
dendrobatidis (Bd), or the chytrid fungus, are viral and fungal pathogens associated with
the population declines and extinctions of multiple amphibian species (Daszak et al.
1999, Stuart et al. 2004, Teacher et. al 2010, Earl and Gray 2014, Price et al. 2014, 2019,
Fisher and Garner 2020). The relationship between disease and host biodiversity has been
investigated in many disease systems, yet there does not seem to be a definitive pattern
(Johnson et al. 2013, Lafferty and Wood 2013, Rohr et al. 2020). There is some support
for ‘the dilution effect,’ which is when disease risk decreases with increasing host
biodiversity (Keesing et al. 2010, Hall et al. 2009, Civitello et al. 2015, Huang et al.
2016). The general mechanism behind this pattern involves diluting the number of highly
competent species (those effective at parasite or pathogen transmission) in the
assemblage by adding more diverse, possibly less competent species (reviewed in Rohr et
al. 2020). Thus, disease systems containing generalist pathogens with free-living stages
and multiple host species varying in their competence and susceptibility may be
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especially likely to exhibit dilution. Unique traits of the system, such as the abundance
and competence of hosts and the assemblages they frequent, can often lead to the
amplification of disease risk as diversity increases (the amplification effect; Randolph
and Dobson 2012). However, the relationship is far from generalizable and more recent
research also indicates that the diversity-disease relationship can be context-dependent,
not necessarily linear, and often depends on scale (Halliday and Rohr 2019, Johnson et al.
2019, Rohr et al. 2020). In general, biodiversity should have the greatest effect on multihost, wildlife, and vector-borne diseases (Rohr et al. 2020).
Ranavirus Frog-virus 3 (FV3) is a wide-spread, generalist pathogen capable of
infecting multiple species of amphibians (Gray and Chinchar 2015) and provides a good
test for the dilution effect. Although the virus can be density-dependent, it also infects
multiple species of hosts across vertebrate classes with varying susceptibilities
(Hoverman et al. 2011; Miller et al. 2011; Brunner et al. 2017), persists in the water and
substrate for days (Johnson and Brunner 2014), and uses vectors in the system (Brunner
et al. 2015). Hoverman et al. (2011) demonstrated amphibian host phylogeny and life
history characteristics influence this variation, with species such as wood frogs
(Lithobates sylvaticus) exhibiting high mortality when exposed to FV3 and species such
as green frogs (L. clamitans), American toads (Anaxyrus americanus), and American
bullfrogs (L. catesbeianus) exhibiting no mortality to the same strain. Additional research
has shown environmental factors can influence disease prevalence and intensity, such as
increased salinity due to road runoff (Hall et al. 2020), distance from agriculture
(Hoverman et al. 2012), and pesticide exposure (Pochini and Hoverman 2017). However,
the dynamics of Ranavirus and host diversity, as well as other abiotic effects, are not
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well-characterized in the system. This is especially true in natural communities, as
longitudinal studies are lacking (Gray et al. 2015). In the face of a changing climate and
its cascading effects on species assemblages, it is critical to identify host-parasite systems
that are sensitive to biodiversity and community composition.
To investigate the host-diversity relationship patterns, we surveyed 31 wetlands in
Vermont over 4 years from 2016 to 2019. We hypothesized an overall dilution of
Ranavirus prevalence and severity with more diverse amphibian communities. However,
we also predicted the presence and abundance of susceptible and competent species, such
as L. sylvaticus, at a pond could increase Ranavirus prevalence and average viral load.
Finally, we also used the distance from roads, agriculture, and fishing access areas to
wetland areas across Vermont to determine if anthropogenic effects influence the
Ranavirus dynamics. We predicted sites closer to roads, agriculture, and fishing access
areas would increase the prevalence and probability of Ranavirus presence at sites.

Methods
Data collection
Sampling Design
In the summers of 2016, 2017, 2018, and 2019, we collected amphibian tissue samples
across 31 wetlands in Vermont (Figure 1). In 2016, sampling occurred at 18 sites, once
every other week, from mid-May to August (7 time points) to increase the probability of
witnessing a mass mortality event (Gray et al. 2015). The sensitivity of PCR, using nonlethal tissue samples, peaks around 12 days post-virus exposure (Greer and Collins 2007).
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Sites with expected high amphibian abundance, ideal amphibian conditions (i.e., shallow
water and emergent vegetation), assessed either from prior observations (Jim Andrews,
director of the Vermont Reptile and Amphibian Atlas) or from satellite imagery. Sites
that could reasonably be visited once every other week were selected as contenders and
ground-truthed for amphibian presence. A total of 18 sites were visited a total of seven
sampling periods throughout the summer. We added locations and reduced the number of
time points for field surveys after 2016. Ponds were visited in mid-late July 2017 to 2019
for best detection of multiple amphibian species and because mid to late summer can be
when Ranavirus prevalence and severity peak in North America (Herath et al. 2021). In
2017, we collected amphibian tissue samples from 17 of the 18 sites from 2016 and an
additional 12 sites (n=29). In July 2018, we collected from the 29 previous sites with 1
final addition (n=30). Sites were chosen haphazardly using satellite imagery. Finally, we
collected samples from 12 of the previously surveyed sites in July 2019. These sites were
chosen for their consistently high or low species richness in past years.

Sample collection
Previous estimates indicate that for 95% confidence in disease detection and at 5%
disease prevalence, tissue should be collected from a sample size of at least 20
individuals (Gray et al. 2015). For the sampling years of 2016-2018, tissue samples were
collected from a maximum of 30 individuals at a particular site or after an allotted search
time of an hour and a half ‘person hours’, to standardize sampling effort. Either two
people searched for 45 minutes or three people searched for 30 minutes. In 2019,
sampling was concluded after 30 individuals were obtained, regardless of survey time.
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Collected amphibian species included Lithobates clamitans (green frog), L. catesbeianus
(American bullfrog), L. sylvaticus (wood frog), L. pipiens (northern leopard frog), L.
palustris (pickerel frog), Pseudacris crucifer (spring peeper), Hyla versicolor (gray tree
frog), Ambystoma spp. (included either A. maculatum, A. jeffersonianum, A. laterale),
Notophthalmus viridescens (eastern newt), Anaxyrus americanus (American toad), and
Plethadon cinereus (red-backed salamander).

All species of amphibians at various life stages were collected and placed in either
individual plastic bags of distilled water (if a salamander or larval frog) or individual
plastic containers (if an adult frog) to limit cross-contamination. Additionally, different
pairs of powder-free nitrile gloves were worn while handling individuals. All individuals
were identified to species, assigned a life stage category, measured using snout-vent
length (SVL), and assess for any clinical signs of disease (e.g., redness or swelling of any
limbs, lethargy, lesions). Life stage categories were divided into: (1) any amphibian
species post-metamorphosis that appeared to have reached reproductive maturity
(‘adult’); (2) any post-metamorphic species that did not appear to have reached
reproductive maturity, based on relative size (‘juvenile’); (3) metamorphic anuran larvae
with visible hind limb buds, roughly between Gosner stages 28-45 (Gosner 1960,
‘metamorph’); (4) larval pre-metamorphic anurans (‘tadpole’), larval salamanders
(‘larval’); and (5) juvenile newts (‘eft’).

Viral DNA can also be detected with high sensitivity in tail tissue samples (Mosher et al.
2019) and require less invasive collection methods. Tail tissue was collected from
salamanders and larval frogs, and toe tissue was obtained from adult frogs. We pressed a
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flat edge on the tail tips of individuals to trigger the natural predator defense of tail
autonomy, which minimizes blood loss. Using surgical scissors, one toe was collected
from an adult frog. If the individual was recaptured, non-adjacent toes were clipped. We
disinfected forceps and scissors between each use with 10% bleach, and waders, boots,
and nets were disinfected between sites using 10% bleach, according to standard
disinfection protocols (NEPARC 2014). Tissue was stored in 1.5 mL tubes of 90%
ethanol in a -20° freezer.

Detection of viral DNA using qPCR
DNA was extracted using the Omega Bio-Tek E.Z.N.A. Tissue DNA kit and protocol.
We performed real-time quantitative PCR using a CRX Connect Real-Time PCR
Detection System (Bio-Rad). The 10 μl reactions consisted of 2 μl of 10ng DNA, 5 μl 1X
Sso Advanced SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA), 0.25
μl of forward and reverse primers, and 2.75 μl of nuclease-free water. Primers
RVMCPKim3_F (5’- TAA- CACGGCATACCTGGACG-3’) and (5’GATGAGATCGCTG- GTGTTGC-3’) RVMCPKim3_R (Kimble et al. 2015) were used
to amplify a 97 bp region of the major capsid protein (MCP). The thermal profile
consisted of 2 minutes at 95°C, then 35 cycles of 95°C for 20 seconds followed by
65.1°C for 20 seconds. Samples were tested in duplicates with a positive control, an
extraction negative, and non-template control (NTC) of nuclease-free water on each
plate. The positive control was from cultured FV3 from an outbreak in wild adult
northern leopard frogs (L. pipiens) from Illinois and obtained from Dr. James Julian at the
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University of Pennsylvania Altoona. Reactions were considered positive when C T < 38.0
and a melt curve between 84 – 85 degrees Celsius was present.

Quantification of viral DNA using qPCR
To quantify the amount of virus in each sample, the samples that had at least one
replicate test positive were re-tested using previously described protocols (Stilwell et al.
2018). Reactions consisted of 2 μl of DNA template, 1.5 μl of nuclease-free water, 0.9
μM of each primer (RanaF1 and RanaR1), 0.25 μM of probe (RanaP1), and 5 μL of
qPCR mix (TaqMan Universal PCR Master Mix 2X, Applied Biosystems) for a total
volume of 10 μl. The primers and probe RanaF1 (5’-CCA GCC TGG TGT ACG AAA
ACA-3’), RanaR1 (5’-ACT GGG ATG GAG GTG GCA TA-3’), and RanaP1 (6FAMTGG GAG TCG AGT ACT AC-MGB) amplified a 97 bp region of the major capsid
protein. The program started at 95°C for 10 min, followed by 40 cycles of 95°C for 30 s
and 60°C for 45 s. We ran each plate with a four-point serial dilution using gBlocks gene
fragments (IDT DNA) of the amplicon as standards, NTC, and 18S as internal control
(Applied Biosystems Assay ID Hs99999901_s1). A subset of qPCR products was
purified using ExoSap and Sanger sequenced at the Vermont Institute for Genomic
Resources at the University of Vermont. We used NCBI BLAST to determine the
amplicon sequence identity.

Data analysis
Species diversity estimates
We conducted all analyses using R version 4.2.1 (R Core Team 2022; RStudio Team
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2022). To estimate species diversity, we calculated three metrics: observed species (S),
the Chao1 species richness index (Sest), and the Probability of Interspecific Encounter
(PIE). The Chao1 index (Chao 1984) incorporates the number of singletons (a) and
doubletons (b) in its estimate to account for rarer species (Equation 1).
𝑎2

𝑆𝑒𝑠𝑡 = 𝑆𝑜𝑏𝑠 + 2𝑏

(Equation 1)

In addition, the uniformity of species abundances, or evenness, was estimated with the
Probability of Interspecific Encounter (PIE, Equation 2, Hurlbert 1971). Here, N
represents the total number of individuals sampled, S is the number of species, and pi is
the proportion of individuals of each species. When a community is composed of all
individuals from one species, the PIE value is 0 (perfectly uneven). Conversely, a
community consisting of equal numbers of individuals among multiple species would
have a PIE value of 1 (perfectly even).

𝑁

𝑆

𝑃𝐼𝐸 = 𝑁−1 (1 − ∑𝑖=1 𝑝𝑖2 )

(Equation 2)

Estimating Ranavirus and metric standardization
We estimated Ranavirus prevalence using parameters of beta distribution. Prevalence
was thus calculated by dividing the number of infections + 1 (α) by the total number
sampled + 2. (α + β) This allowed us to incorporate sample size into the estimates of
prevalence and confidence intervals. Viral load was calculated by dividing the number of
MCP viral copies by the estimated DNA (ng-1) in the sample.
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I used a combination of standardization techniques while collecting samples from
individuals in 2016 to 2018. I either sampled until a maximum number of individuals was
reached or until a maximum amount of person hours was spent sampling. To
meaningfully standardize my diversity and prevalence estimates, I constructed rarefaction
curves with 1000 bootstrap replicates for these years, which allows for comparisons
between datasets (Gotelli and Colwell 2001). In addition, the total abundances of each
species were calculated at each site.

Statistical tests and modeling
The difference in the number of Ranavirus infected individuals between categorical
variables was tested using Fisher t-tests (Fisher 1922) with 2000 Monte Carlo (MC)
simulations and significant differences were examined using chi-squared (𝜒2) test
residuals when expected counts were greater than 5 per cell.

We used generalized linear mixed models to test how the diversity and abundances of
New England amphibian species related to Ranavirus prevalence and viral load across 31
Vermont wetlands. We first tested the one-way relationships between prevalence and
viral load and the fixed effects of bootstrapped diversity metrics and the log-transformed
abundances of 7 abundant species: wood frogs (L. sylvaticus), gray treefrogs (H.
versicolor), and spring peepers (P. crucifer), which are generally Ranavirus competent
species, and American bullfrogs (L. catesbeianus), green frogs (L. clamitans), American
toads (A. americanus), and eastern newts (N. viridescens) which are generally tolerant to
infection (Hoverman et al. 2011). P values were adjusted for multiple testing using the
Benjamini-Hochberg method (Benjamini and Hochberg 1995). These abundances were
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tested as fixed effects of 1) site prevalence; 2) site average viral load; 3) prevalence
without the host species of interest; and 4) average viral load without the host species of
interest – each at a given site and year. Year and site were set as random effects for all
models.

We used the package glmmTMB (Brooks et al. 2017) in R version 4.2.0 (R Core Team
2022) to fit a distribution to the response variables. Ranavirus viral load fit most closely
to a negative binomial distribution (variance > mean), and a beta distribution was
specified for Ranavirus prevalence. Only significant fixed effects (alpha level p<0.1 after
multiple testing adjustment) were included with the random effects in the final
multivariate models. Because the relationship between diversity and disease can be nonlinear (Rohr et al. 2020), we tested for non-linear relationships using generalized additive
mixed modeling (GAMM), which applies a smoothing function to the predictor variable
to allow for non-linearity.

To test for patterns of co-occurrence between amphibian species and Ranavirus, we used
the package EcoSimR (Gotelli and Ellison 2013) in R. We applied the sim9 algorithm to
calculate the C-index score, which is commonly used in community ecology and tests
whether taxa are co-occurring more frequently than expected across sites. We analyzed
pairwise co-occurrences by using the sim2 algorithm and corrected for multiple
comparisons by applying the Benjamini-Hochberg adjustment (Benjamini and Hochberg
1995).
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Site characteristics analysis
Sites were assigned as positive for Ranavirus if 3 or more samples collected at the
location across all years tested positive for the virus. Each pond location was
characterized by whether it was permanent, semi-permanent (fishless), a beaver pond or
meadow, or vernal pool. We created raster layers with cells containing values of the
distance from roads, fishing access areas (public access for boat launching and shore
fishing), and agriculture using ArcGIS (Esri 2022) and publicly available spatial data
from Vermont Open Geodata Portal (2022). These layers were selected because sites with
higher anthropogenic activity may have more visitation which could increase Ranavirus
presence or prevalence (Gray et al. 2015). We used the R package raster to extract values
at each location. To statistically test whether distances from wetland sites to roads,
fishing access, and agriculture predicted Ranavirus presence, we used generalized logistic
regressions.

Results
Over the four sampling years, we collected and tested a total of 1927 tissue
samples from 11 amphibian species (Figure 1, Tables 1-2). We tested 755 tissue samples
from 2016, 416 samples from 2017, 423 samples from 2018, and 333 samples from 2019.
Ranavirus was detected in half of the sites (15/31, Table 1), and across most species and
multiple life stages (Table 2). No mass mortality events were observed, but clinical signs
were present in some infected individuals; it is possible events could have occurred
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before or after sampling. The viral amplicon sequence identities were 100% matches to
the Ranavirus species Frog virus 3. Across the wetlands, observed amphibian species
richness ranged from 1 to 7 species at a given site. Using data from all years, amphibian
species exhibited structured community assembly, but Ranavirus did not co-occur with
any host species. The amphibian species spring peepers (Pseudacris crucifer), eastern
newts (Notophthalmus viridescens), and gray tree frogs (Hyla versicolor) co-occurred
with each other (P < 0.001), exhibiting an aggregated pattern.

There were significant differences in Ranavirus prevalence across years, sites, life
stages, and species. There were more infected individuals in 2017 (P < 0.0005) and in the
‘metamorph’ life stage category (P < 0.0005), but there was no effect of sex (P = 0.96).
Although metamorphs had a higher prevalence of Ranavirus (P = 0.0005), they did not
have higher viral loads compared to other infected life stages. However, there were
differences in average viral load among species and life stages. American bullfrogs (L.
catesbeianus) had higher average ranaviral loads (in both adults and metamorphs)
compared to many other species with infected individuals (P < 0.05, Figure 2). Species
also differed in their expected counts of infected and uninfected individuals (P < 0.0005).
Spring peepers (P. crucifer), gray tree frogs (H. versicolor), and American bullfrogs (L.
catesbeianus) all exhibited higher numbers of infected individuals than expected (P <
0.05). Contrastingly, eastern newts (N. viridescens), northern leopard frogs (L. pipiens),
American toads (Anaxyrus americanus) all exhibited lower numbers of infected
individuals than expected (P < 0.05).
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These patterns were also exhibited in the mixed model results where both the
presence and abundance of amphibian host species affected Ranavirus prevalence and
viral load (Tables 3-4). However, the relationship between Ranavirus prevalence and host
diversity was not consistent through years (Figure 3). Although there was a statistically
positive relationship between prevalence and observed and estimated amphibian species
richness in 2019 (P < 0.0001) and between prevalence and PIE in 2018 (P < 0.05), there
were no significant relationships when including site and year as random effects in the
GLM or GAM mixed models. Instead, species abundances related to site prevalence. The
fixed effects of 5 amphibian species abundances explained 24.9% of the variance in
Ranavirus prevalence at a site and the random effect of year explained an additional
45.5% of the variance (Table 3, Figure 4). American toad (estimate=0.75, P < 0.05),
eastern newt (estimate=0.83, p=0.007), and green frog (estimate=0.88, P < 0.1)
abundances negatively affected site prevalence, as spring peeper (estimate=1.37, P <
0.001) and gray treefrog (estimate=1.22, P < 0.1) abundances positively affected
Ranavirus prevalence at a given site. Amphibian species richness positively related with
Ranavirus viral load (P < 0.001), but only when total bullfrog abundance at a site (P <
0.001) was included in the mixed model (Table 4, Figure 4).
Spring peeper abundance was positively related to both Ranavirus presence and
prevalence (but not viral load) at a site (P < 0.05), while American bullfrog abundance
was positively associated with only average viral load and eastern newt abundance only
negatively affected prevalence. The average Ranavirus viral loads and prevalence did not
differ at a location when the host species of interest (peeper, bullfrog, or newt) was not
included in estimates (Figure 5).
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Fifteen out of the 31 wetland sites tested positive for Ranavirus over the 4-year
survey (Table 1). The distance to agriculture and roads and wetland categories were not
different between infected and uninfected sites. However, Ranavirus-infected sites were
farther from fishing access areas (P < 0.05) and distance from fishing access areas
predicted Ranavirus presence (P < 0.05). Finally, the distance from fishing access areas
related positively to spring peeper abundance (estimate = 0.6, R-sq = 0.17; P = 0.02) and
negatively to northern leopard frog abundance (estimate = -0.84; R-sq = 0.46; P < 0.001).

Discussion
We documented concurrent dilution and amplification of Ranavirus prevalence
and severity and identified host reservoir species in natural New England amphibian
assemblages encompassing 11 species. Contrary to our prediction, we did not observe an
overall dilution effect. Through the four-year longitudinal survey, we discovered the
composition of five host species had greater effects on Ranavirus prevalence and viral
load than species diversity metrics alone. Three amphibian host species co-occurred in
amphibian assemblages yet displayed contrasting effects on pathogen dynamics – leading
to the lack of an overall statistically significant relationship between diversity and disease
across years.

The co-occurrence of only a few amphibian species is not surprising. Cooccurrence among species normally displays properties shared by other complex
networks, where only a few species are highly connected in the network and most species
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are poorly connected (Araújo et al. 2011). The spring peeper, gray tree frog, and eastern
newt are all pond-breeding species that commonly occur in permanent or semi-permanent
ponds (Gibbs 1998) and were often observed in beaver pond and meadow habitats during
collections. The contrasting influences of these co-occurring host species on Ranavirus
prevalence and viral load could be indicative of why we did not detect an overall net
effect of diversity on disease. While P. crucifer and H. versicolor abundances positively
affected community Ranavirus prevalence, N. viridescens abundance simultaneously
exhibited a dilution effect. This aligns with previous observations of mostly low viral
copies in sub-lethally infected eastern newts (Richter et al., 2013, Miller and Gray,
unpubl. data) and resistance to experimental infection (Hoverman et al., 2011). However,
this species’ role in Ranavirus epidemiology is not well understood and needs greater
attention. The dilution was not strong enough to diminish the positive trend in prevalence
and diversity, observed in 2019 when sites were selected for comparison based on their
varying amphibian diversity. P. crucifer has previously shown susceptibility to
experimental Ranavirus infection (Wuerthner et al. 2017) and has been documented in
mass die-off events in North America (Miller et al. 2011; Kirschman et al. 2017). Their
high susceptibility to infection and metamorphosis coinciding with higher amphibian
abundances and increased temperatures in late summer could be amplifying prevalence in
diverse New England assemblages. Additionally, beaver ponds and meadows are
normally associated with warmer, shallower waters and open canopies (Skelly and
Freidenburg 2000, Skelly et al. 2005), which could be contributing to pathogen dynamics.
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Our results support that the net effect of diversity on disease depends on the
strengths of multiple, sometimes competing mechanisms (Luis et al. 2018). Dilution may
not be exhibited in New England amphibian communities due to the larger fraction of
high-competency hosts in both biodiverse and species-poor assemblages. Johnson et al
(2019) also found that amphibian host species composition rather than richness affected
trematode parasitic infection levels, but highly competent hosts predominated lower
diversity assemblages and less susceptible hosts had higher prevalence in more diverse
assemblages. Here, high abundances of spring peepers were often observed in high
diversity ponds and likely drove the observed positive relationship. Distances from
wetland to fishing access areas differed between Ranavirus infected and uninfected sites.
Contrary to our prediction, Ranavirus-infected sites were farther from access areas.
However, peeper abundance increased with increasing distance from access areas and
northern leopard frog abundance decreased with distance. These two frog species had
significant, opposite effects on Ranavirus prevalence. This could reflect differences in
habitat preferences, such as spring peepers preferring fishless ponds, and in host
community assemblages. We expected wood frogs (L. sylvaticus) to exhibit a significant
effect on prevalence or viral load, as they are highly susceptible host species (Hoverman
et al. 2011). However, wood frog tadpoles were mostly found in vernal pools in early
spring and any in ponds usually metamorphosed before our sampling in July. The hostdisease relationship most likely differs across temporal and regional scales and is affected
by different mechanisms in vernal pool assemblages (mainly L. sylvaticus and
Ambystoma spp) earlier in the season.
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Bullfrogs generally exhibit resistance to experimental infection across life stages
(Hoverman et al. 2011) but can exhibit variation in susceptibility, especially as
metamorphic larvae (Brunner et al. 2019). Subclinical infections were detected in
samples from captive L. catesbeianus individuals, suggesting they could be important
carriers in natural systems (Brunner et al. 2019). However, to our knowledge, no studies
had examined adult American bullfrogs and their capacity to harbor asymptomatic
infections in natural amphibian communities. We observed L. catesbeianus individuals
were infected with significantly higher ranaviral loads than other species and amplified
Ranavirus intensity at sites where they were abundant. Average site ranaviral load and
prevalence were not different from the average viral loads and prevalence of the
community when estimated without the hosts of interest, which suggests these
amplification and dilution mechanisms are not solely occurring within populations and
can have community-level impacts. The high infection numbers and viral loads of the
American bullfrog contrast with a survey conducted across California wetlands, which
found bullfrogs were negatively associated with Ranavirus (Tornabene et al. 2018). This
suggests that Ranavirus outbreaks may be sensitive to specific amphibian community
compositions, and bullfrogs in non-native environments could have different community
effects. Additionally, Brunner et al. (2019) documented the correlation of infection
intensity (viral copies) in internal tissue samples with the shedding of viral particles into
the environment. The high viral load of adult L. catesbeianus could indicate the bullfrogs
may be shedding virus at much higher rates than previously thought. Finally, species
richness only correlated with viral load when bullfrog abundance was included in the
mixed model. This implies that a relationship in richness and average viral load could be
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detected only when bullfrogs (many in species-poor assemblages) and their high viral
copies were incorporated into the model. The presence of these often-contrasting effects
on disease highlights the importance of including ecological and system-specific
parameters when testing diversity relationships.

The limitations of this study include its small geographic range. More field
studies should be conducted in these common New England amphibian assemblages to
determine if the pattern is consistent across states. Additionally, amphibian population
abundance estimates could be marginally biased, due to collecting a maximum of 30
individuals each sampling period. When including collection time estimates in density
calculations to account for the discrepancy, however, the results were similar. Further,
mole salamander (Ambystoma spp.) larvae were difficult to differentiate in the field and
so were assigned to one group. This could contribute to variation and some uncertainty in
species richness estimates. Finally, although species abundances significantly affected
prevalence, they only explained 25% of the variance and 50% when including random
effects, leaving half of the total variation unaccounted for. This could be due to nonrandom, site-specific factors that we did not measure, such as the water level and
temperature, life stage population structure, and presence of invertebrate scavengers,
among others that have yet to be discovered.

It is critical to understand ecological mechanisms behind wildlife diseases and
determine when changing biodiversity or host composition will increase, decrease, or
have no effect on disease risk (Rohr et al. 2020). Our results suggest the declines in
abundance or removal of specific amphibian species have the potential to alter disease
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dynamics. This is especially important to further understand with the increasing threat of
Batrachochytrium salamandrivorans (BSal), a deadly infectious fungus that has not been
detected in North America yet may be imminent. Experimental infection studies indicate
eastern newts (N. viridescens) appear to be highly susceptible and exhibit significant
mortality that could drive the species to extinction (Tompros et al. 2021). Future research
should investigate the effects of multiple pathogens on ecological and anthropogenic
factors in amphibian species most at risk. Identifying significant ecological determinants
in disease systems could aid in SIR and species distribution modeling, as well as
management and conservation efforts.
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Tables and Figures
Table 1 The site characteristics of Vermont wetlands sampled 2016 - 2019. Ranavirus prevalence and load were averaged, and
abundances were summed across years. Ranavirus prevalence was estimated using beta distribution parameters α (number of
positives + 1) and β (number of negatives + 1). Total abundance includes all amphibian species in any life stage collected at
the site – up to 30 individuals per sampling time. Number of individuals collected at each site are listed under species name
columns.
Site
Wetland
Letter category

Latitude Longitude Ranavirus

Distance to Distance to fishing
agriculture (m)
access (m)

Distance to
Total
road (m) abundance

Ranavirus
prevalence

Average
Ranavirus
load

Number of
Species

American
toad (ANAM)

Gray
treefrog
American
(HYVE) bullfrog (LICA)

Green
frog
(LICL)

Leopard Wood frog
Eastern
frog (LIPI)
(LISY) newt (NOVI)

Spring
peeper
(PSCR)
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A

permanent

44.20560 -72.58582

0

148.7

462.3

14.1

49

0.06

0

3

0

0

0

39

0

0

6

4

AA

semipermanent

42.74313 -72.49875

1

270.2

144.2

170.3

84

0.26

224276497

3

0

0

40

24

20

0

0

0

B

permanent

44.34901 -72.97020

0

460.7

10,065.5

22.4

86

0.01

0

4

0

0

0

6

0

0

78

1

BB

semipermanent

44.21659 -73.15578

0

22.4

3,944.5

10.0

12

0.08

0

4

0

2

0

1

2

0

7

0

C

semipermanent

44.35012 -73.00695

1

184.4

7,284.6

127.3

155

0.10

384

7

0

10

0

53

1

1

55

31

CC

semipermanent

43.95680 -72.70688

1

240.8

13,824.8

40.0

53

0.11

4

5

0

1

0

27

0

0

15

7

D

permanent

44.53506 -73.27750

1

2,115.4

269.3

144.2

68

0.07

0

4

14

0

3

7

44

0

0

0

DD

vernal

44.50050 -73.23807

0

290.7

3,148.6

113.1

4

0.20

0

2

0

0

0

0

0

3

0

0

E

vernal

44.52511 -72.86521

1

826.1

14,136.5

411.5

77

0.23

255

5

0

0

0

27

0

39

0

3

EE

vernal

44.41586 -73.24932

0

130.0

2,164.5

14.1

14

0.07

0

1

0

0

0

0

0

14

0

0

F

beaver pond or
44.52648 -72.87260
meadow

1

830.1

14,120.5

250.6

127

0.20

4992

5

0

16

0

38

0

0

30

27

G

permanent

44.37705 -73.16205

0

70.7

22.4

20.0

41

0.02

0

3

0

0

0

4

31

6

0

0

H

semipermanent

44.50581 -73.23301

1

50.0

2,882.1

10.0

54

0.07

3

1

0

0

0

54

0

0

0

0

I

beaver pond or
44.39917 -72.87772
meadow

1

2,761.3

17,113.5

85.4

169

0.16

1

6

0

24

2

83

0

0

37

21

J

vernal

44.22680 -73.27738

0

70.7

36.1

56.6

61

0.05

0

5

7

0

3

7

38

0

0

0

K

semipermanent

44.23104 -73.25469

0

10.0

1,891.9

20.0

105

0.03

0

6

4

3

0

31

61

0

2

4

L

semipermanent

44.15527 -73.14139

1

368.8

4,450.6

368.0

51

0.10

3

5

0

0

6

12

0

0

6

18

M

semipermanent

44.07535 -73.35240

0

201.0

1,217.1

20.0

64

0.05

0

3

0

4

0

59

1

0

0

0

N

permanent

44.38174 -72.72680

1

298.3

10,151.4

30.0

116

0.05

4016

3

0

0

75

37

4

0

0

0

O

permanent

44.62864 -73.23517

0

1,838.5

516.1

388.3

42

0.07

0

2

0

0

0

1

41

0

0

0

P

semipermanent

44.49017 -73.18063

0

1,101.4

7,200.0

70.0

44

0.02

0

2

0

0

0

25

19

0

0

0

Q

beaver pond or
44.04238 -73.04784
meadow

1

2,264.6

9,053.3

138.9

129

0.08

1

6

0

2

0

36

0

13

73

1

R

meadow

44.04671 -73.05374

0

2,009.6

8,643.2

226.7

17

0.06

0

3

0

0

0

11

0

0

4

0

S

semipermanent

44.16687 -72.57091

0

28.3

4,744.2

70.0

27

0.11

655

4

14

1

0

0

0

0

10

2

T

vernal

44.34236 -72.97595

1

183.6

9,886.1

10.0

35

0.11

0

3

0

0

0

11

0

23

1

0

U

beaver pond or
44.34901 -72.97020
meadow

1

460.7

10,065.5

22.4

74

0.31

360

6

0

13

0

21

0

6

7

26

V

semipermanent

44.26051 -72.95789

0

42.4

10,037.3

60.0

42

0.05

0

2

41

0

0

0

0

0

0

1

W

vernal

44.25753 -72.95599

0

10.0

10,252.2

0.0

25

0.04

0

2

0

0

0

0

0

24

0

0

X

vernal

44.38554 -73.26017

1

0.0

2,544.0

41.2

22

0.22

0

3

0

14

0

1

0

0

0

0

Y

semipermanent

44.38690 -73.25622

1

0.0

2,205.2

176.9

76

0.05

1

3

0

28

0

29

0

0

19

0

Z

permanent

44.40026 -73.23472

0

40.0

90.6

190.0

4

0.20

0

1

0

0

0

0

4

0

0

0

Table 2 The number of individuals in each amphibian species and life stage collected and
tested for Ranavirus in Vermont wetlands sampled 2016 - 2019. Ranavirus prevalence
was estimated using beta distribution parameters α (number of positives + 1) and β
(number of negatives + 1). Average snout-vent length (SVL) was measured in
millimeters.
Species

Number Ranavirus infections Total number tested Ranavirus Prevalence Average SVL (mm)

Ambystoma spp
adult

1

1

0.67

76.90

larval

5

56

0.10

22.75

Anaxyrus americanus
adult

0

25

0.04

19.55

metamorph

1

45

0.04

9.36

tadpole

0

10

0.08

7.48

Hyla versicolor
adult

0

2

0.25

28.32

metamorph

10

58

0.18

14.47

tadpole

12

58

0.22

11.92

Lithobates catesbeianus
adult

7

30

0.25

52.54

metamorph

14

64

0.23

42.63

tadpole

0

35

0.03

22.15

Lithobates clamitans
adult

15

262

0.06

47.68

metamorph

19

161

0.12

29.26

tadpole

19

221

0.09

14.22

0

3

0.20

33.70

adult

5

167

0.04

43.14

metamorph

0

11

0.08

25.46

tadpole

3

88

0.04

12.57

adult

1

24

0.08

21.28

metamorph

4

36

0.13

14.21

tadpole

8

69

0.13

9.58

adult

8

231

0.04

40.69

eft

0

1

0.33

39.50

larval

6

118

0.06

16.38

0

5

0.14

33.02

metamorph

28

97

0.29

10.94

tadpole

13

49

0.27

14.27

Lithobates palustris
adult
Lithobates pipiens

Lithobates sylvaticus

Notophthalmus viridescens

Plethodon cinereus
adult
Pseudacris crucifer
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Table 3 Model statistics from a generalized linear mixed model testing the relationship between Ranavirus load and the fixed
effects of species richness and Lithobates catesbeianus abundance. Samples were collected across 31 Vermont wetlands from
2016 to 2019. Year and site of collection were included as random effects in the model.
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Table 4 Model statistics from a generalized linear mixed model testing the relationship between Ranavirus prevalence and the
fixed effects of species richness and abundances of native amphibian species. Samples were collected across 31 Vermont
wetlands from 2016 to 2019. Abundances of spring peeper (Pseudacris crucifer), gray tree frog (Hyla versicolor), American
toad (Anaxyrus americanus), eastern newt (Notophthalmus viridescens), and green frog (Lithobates clamitans) species affected
Ranavirus prevalence. Year was included as a random effect in the model.
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Figure legends

Figure 1 Map of sites visited at least once over the 4-year survey of the amphibian
disease Ranavirus in 31 Vermont wetlands (2016-2019)
Figure 2 The average Ranavirus viral load (viral copies / ngDNA) among infected
amphibian species across sites and years. Samples were collected across 31 Vermont
wetlands from 2016 to 2019. Species are denoted with an abbreviation that includes the
first two letters of both the genus and species names.
Figure 3 The relationship between the log-transformed species richness (number of
species) and Ranavirus prevalence was not consistent over the 4 years and a weak
relationship overall. Samples were collected across 31 Vermont wetlands from 2016 to
2019. Prevalence was estimated using beta distribution parameters α (number of positives
+ 1) and β (number of negatives + 1).
Figure 4 Estimates from mixed models of the relationships of Ranavirus prevalence (a)
and viral load (viral copies / ngDNA) (b) with species richness (number of species) and
abundances (number of individuals). Samples were collected across 31 Vermont wetlands
from 2016 to 2019. Prevalence was estimated using beta distribution parameters α
(number of positives + 1) and β (number of negatives + 1). Asterisks denote alpha level
(* P < 0.05, *** P < 0.001)
Figure 5 The relationship of (a) Spring Peeper (Pseudacris crucifer) abundance and (b)
Eastern newt (Notophthalmus viridescens) abundance with Ranavirus prevalence.
Prevalence was estimated using beta distribution parameters α (number of positives + 1)
and β (number of negatives + 1). Light grey circles represent total amphibian community
Ranavirus prevalence and darker triangles represent the site prevalence not including the
species of interest.
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CHAPTER II: INVASIVE AMERICAN BULLFROG AS RESERVOIRS OF RANAVIRUS AND
HELMINTH MACROPARASITES IN THE ATLANTIC FOREST, BRAZIL

Abstract
Background
Emerging infectious diseases threaten amphibian species across the globe. The American
bullfrog (Lithobates catesbeianus) is a highly invasive species that poses a threat not only
because it is a generalist predator of many native species, but also because of the
parasites and pathogens that it can potentially transmit. This is the first assessment of
concomitant infection of Ranavirus and helminth macroparasites in naturalized
populations of bullfrogs in South America.

Methods
We collected, measured, and euthanized 65 specimens of L. catesbeianus sampled from 9
sites across three states of Brazil in or near the Atlantic Forest biome. We extracted and
identified helminth parasites and sampled host liver tissue to test for the presence of
Ranavirus with quantitative PCR primers and probes specific to the virus’ major capsid
protein. We documented patterns of incidence, parasite load, and co-infection with
generalized linear mixed models, generalized logistic regressions, and randomization
tests.
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Results
Individual bullfrogs never exhibited clinical signs of infection, but the overall Ranavirus
prevalence was 0.31 (95% confidence interval (CI) [0.17, 0.38]), with viral copies
ranging from 36 to 143,358 viral copies per individual (median = 986 copies). Bullfrogs
hosted helminth parasites across 4 phyla, with a total prevalence of 0.76 (95% CI [0.72,
0.90]). Co-infection of helminth taxa and Ranavirus was also common (0.46 prevalence
95% CI [0.35,0.58]). Bullfrog size was positively correlated with total macroparasite
abundance and richness. The best-fitting abundance-size model included a significant
interaction between bullfrog size (snout-vent length (SVL)) and Ranavirus infection
status: the positive slope of the relationship between SVL and macroparasite abundance
was shallower for Ranavirus-infected individuals, and those infected generally harbored
fewer helminths. This interaction could be associated with the negative relationship
between nematode abundance and Ranavirus load.

Conclusions
Asymptomatic Ranavirus infection was common in invasive bullfrogs, as was infection
by helminth macroparasite taxa. These results do not support the enemy release
hypothesis, which predicts that, in a novel environment, the absence of the invader’s
native parasites and pathogens contributes to its invasion success. Additionally, most
parasites were found encysted and not developing, suggesting L. catesbeianus could
serve as a macroparasite sink. Bullfrogs could simultaneously serve as a source of
infection and potentially prime the immune system of native anurans by shedding
Ranavirus at low levels. If bullfrogs are acting as reservoirs, the prevalence of parasites
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in native anurans of South America could be higher in places where American bullfrogs
have become established.

Background
Emerging infectious diseases have been drivers of amphibian population declines
around the globe (Daszak et al. 1999). The genus Ranavirus is a group of viral pathogens
capable of infecting different vertebrate classes, including amphibians, reptiles, and fish
(reviewed in Gray et al. 2015). Amphibians are most susceptible to Ranavirus, and many
species can exhibit 100% population mortality when exposed to the pathogen (Hoverman
et al. 2011; Earl et al. 2016; Miaud et al. 2016). The variance among species in their
Ranavirus susceptibility and competence, or the ability to transmit the virus, allows for
more tolerant species to potentially serve as reservoirs in the system. L. catesbeianus
could influence community transmission dynamics as Ranavirus reservoir species
because previous experimental studies have observed American bullfrog tolerance and
resistance to FV3 infection (Hoverman et al. 2011) and its ability to harbor subclinical
levels of virus (Brunner et al. 2019).
Because Ranavirus can infect a variety of vertebrate hosts through direct contact,
viral shedding in the environment, and ingestion of infected tissue, transmission could
occur from infected non-native species to uninfected native hosts (Gray et al. 2015). Nonnative host species may also transmit macroparasites to native anuran species, and there
is even the potential for virus-macroparasite interactions within a single host (Ortega et
al. 2021). Patterns of parasite community aggregation could support facilitative
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interactions (e.g., immune system suppression or co-occurrence in microhabitats),
whereas patterns of segregation could support inhibitory interactions, such as crossimmunity or direct or indirect competition (Risco et al. 2014; Herczeg et al. 2021;
Ramsay and Rohr 2021).
In the Brazilian Atlantic Forest, naturalized American bullfrogs (Lithobates
catesbeianus) are highly invasive and are voracious generalist predators of many native
anurans (Oda et al. 2019). The enemy release hypothesis predicts that the success of
invasive species is due to the absence of its parasites, pathogens, and predators in the new
environment (Keane and Crawley 2002). In this study, we investigated whether the
hypothesis is supported in L. catesbeianus in its invasive Atlantic Forest range.
Information on helminth parasites in invasive bullfrogs in South America is scarce, with
only one survey in wild-catch bullfrogs from Argentina (Gonzalez et al. 2014), and one
from farmed frogs in Brazil (Antonucci et al., 2012). Both studies only found one
macroparasite species across collected specimens, supporting the enemy release
hypothesis. Additionally, a recent survey detected Ranavirus in tadpoles of both Brazilian
native anuran species and naturalized L. catesbeianus tadpoles (Ruggeri et al. 2019).
Apparently healthy native tadpoles were sub-clinically infected with Ranavirus at a pond
where bullfrog adults were present, but not tadpoles. However, the study focused on
tadpole prevalence and did not sample adult bullfrogs. Little is known about the
prevalence of Ranavirus and other anuran parasites in naturalized populations of
American bullfrogs.
Here, we investigated whether naturalized adult American bullfrogs in the
Brazilian Atlantic Forest 1) harbor subclinical levels Ranavirus, potentially serving as
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reservoirs in native anuran communities; 2) host helminth parasites; and 3) exhibit
patterns of co-infection between Ranavirus and helminth parasites at population and
community scales.

Methods
American bullfrogs (Lithobates catesbeianus) as a study system
L. catesbeianus is one of the most successful and harmful invasive species in the world
(Nori et al. 2011). Although only native to the eastern United States and Canada, it has a
wide invasive range due to farming for meat commercialization (Lowe et al. 2000).
Bullfrogs were introduced to Brazil in the 1930s for the purpose of human consumption,
but by 1990, their breeding and production had increased to an estimated 2,000 frog
farms in the country. After many escapes from these farms to surrounding environments
(Cunha and Delariva 2009), the American bullfrog is now found in more than 130
Brazilian cities and towns in and near the Atlantic Forest region (Both et al. 2011).
Around 625 species of amphibians inhabit the Atlantic Forest, representing 60% of the
species of the entire country (Jordani et al. 2017). Most of these species are endemic,
occurring exclusively in Atlantic Forest environments.

Field sites and sampling
We conducted systematic samplings of adult L. catesbeianus at 9 different sites of the
Brazilian Atlantic Forest, in the states of Rio Grande do Sul, Santa Catarina, Paraná and
São Paulo, from October 2018 to April 2019 (Table 1). The specimens of L. catesbeianus
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were collected at night through a visual search. We euthanized collected bullfrogs with
the application of an overdose of lidocaine 4% (as approved by the Ethics Committee of
the Federal University of Paraná and in accordance with Ordinance CFBio 148/2012).

Parasite and pathogen detection
After euthanization, we measured the snout-vent length (SVL), sexed, and dissected the
specimens. During the necropsy, we extracted liver tissue and stored it in 70% ethanol for
later Ranavirus testing. We searched for macroparasite infection by examining the lungs,
intestines, stomach, kidneys, gonads, bladder, and liver under a stereomicroscope.
Parasites were fixed in a 70% alcohol solution and observed under a stereomicroscope for
phylum or class identification. Taxa included the phyla Platyhelminths (flatworms
divided into classes Cestoda and Trematoda), Nematoda (roundworms), Acanthocephela
(thorny-headed worms), and Pentastomida (tongue worm) larvae. We recorded whether
the parasite was an adult with a direct life cycle, a larva, or encysted as part of an indirect
life cycle. Necropsied bullfrogs were fixed in a 10% formaldehyde solution, stored in
70% ethanol, and deposited in the herpetological collection of the Capão da Imbuia
Natural History Museum, Paraná.

We extracted DNA from adult bullfrog liver samples using the Omega Bio-tek E.Z.N.A.
Tissue DNA kit following the manufacturer’s protocols. To test for the presence and viral
load of Ranavirus, we used quantitative PCR (qPCR) to amplify a portion of the major
capsid protein using previously described protocols (Stilwell et al. 2018). We ran 10 uL
Taqman qPCR reactions with 0.9 uM of each primer and 0.2 uM of probe, 5 uL of
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Taqman Universal PCR mix, 2.5 uL of nuclease-free water, and 2 uL of DNA template.
We ran plates on a CFX Connect Real-Time PCR System (Bio-Rad) for an activating
cycle at 95℃ (2 min), and then 45 cycles at 95℃ (20 s), 54℃ (20 s), and 72℃ (30 s). All
plates were run with an extraction negative, non-template control (nuclease-free water),
and gBlock standards as internal positive controls. Each sample was run in duplicate,
with a positive assigned if both wells amplified. If only one well amplified, the sample
was rerun and assigned positive if at least two wells amplified. An 18S assay (Applied
Biosystems Assay ID Hs99999901_s1) was run for the positive samples to quantify DNA
and normalize viral load (viral copies per ng DNA). We amplified a 498 bp portion of the
major capsid protein using PCR protocols and primers (Mao et al. 1997) in a subset of
Ranavirus qPCR positive samples. The amplicon was purified with ExoSap and sent to
the University of Florida for sequencing. We used NCBI BLAST to determine sequence
identity.

Statistical analysis
We conducted all statistical analyses using R and RStudio (R Core Team 2022,
RStudio Team 2022). Using a beta distribution, we estimated helminth and Ranavirus
prevalence, as well as 95% confidence intervals (CIs). Prevalence was thus calculated by
dividing the number of infections + 1 (α) by the total number sampled + 2. (α + β) This
allowed us to incorporate sample size into the estimates of prevalence and 95% CIs. For
example, four of the nine sites had small (n<5) sample sizes, and thus will result in wider
confidence intervals and less certainty of the true prevalence. To test for differences in
Ranavirus and helminth infection numbers between locations, we analyzed 2-way
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contingency tables using Fisher’s exact tests, for each population represented by n>4
samples. We compared helminth diversity across bullfrogs by calculating total
abundance, richness, and evenness. Total helminth abundance was calculated by
summing individuals across phyla, and helminth richness was the number of phyla or
class represented by at least one individual. We calculated helminth taxa evenness using
the probability of interspecific encounter (PIE, Hurlbert 1971), which assesses the
distribution of helminth relative abundances. Values are between 0 and 1, with more
evenly distributed communities closer to 1. We used analysis of variance (ANOVA) to
determine if there were significant differences in log-transformed Ranavirus copies of
infected bullfrogs and in the log-transformed abundance and richness of helminth taxa
among populations.
We calculated the abundance-variance ratio in numbers of parasites per host
individual and compared the fitted line of regression to a 1:1 line, which represents unity
(i.e., a Poisson distribution). An over-dispersed pattern of aggregation would closely fit a
negative binomial distribution and hence have a higher abundance-variance ratio (Lindén
and Mäntyniemi 2011). We fit a linear model to test the relationship between the logtransformed mean abundances (helminth taxa abundance and/or Ranavirus viral load) and
the log-transformed variance across hosts. Using maximum likelihood methods, we
compared the goodness-of-fit between Poisson and negative binomial distributed models
with the MASS package (Venables and Ripley 2002) in R. The resulting distributions (all
negative binomial) were used in the generalized linear and mixed effects models.
To detect community-level micro and macroparasite patterns, we tested whether
parasite and pathogen community structure was randomly assembled using the null
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model analysis of co-occurrence (Gotelli 2000) in the EcoSimR package (Gotelli and
Ellison 2013). The C-score index is commonly used in community ecology and dictates
whether taxa are co-occurring more frequently than expected across sites. We tested this
using occurrence data of helminth and Ranavirus taxa across hosts and locations. We
used the sim10 algorithm, which assumed bullfrogs differ in their suitability as hosts by
weighting individuals by SVL (cm). We can reasonably assume bullfrogs differ in
suitability regarding size because there have been multiple studies across systems
supporting the strong positive relationship between parasite abundance, richness, and host
body size (Gregory et al. 1996; Kamiya et al. 2014). To test community co-occurrence at
the site level we used the sim2 algorithm, which assumed sites are equiprobable but
retains differences among taxa (the row sums). Fixing the row sums preserved taxa
commonness or rarity.
We used generalized linear regression models (GLM) and generalized linear
mixed effects models (GLMM) to test the relationships among Ranavirus prevalence and
viral load, helminth phyla abundance and richness, and bullfrog length across individuals
and populations. This was to determine if patterns could be detected on varying scales.
We log-transformed viral load and helminth richness and abundance when used as
explanatory variables and bullfrog SVL were mean centered and scaled for
normalization. Using individuals from populations where there was at least one
Ranavirus infection (n=35), we tested the effects of parasite abundance, richness, and
bullfrog SVL on Ranavirus infection status by fitting a GLM with the logit-link function.
To test for statistically significant predictors of total helminth abundance and richness,
we first estimated the theta parameters for the negative binomial distributions of total
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helminth abundance and richness using the fitdistr function in the MASS package
(Venables and Ripley 2002). The theta parameters were used for the negative binomial
linear mixed effects models with the glmer function in the lme4 package (Bates et al.
2014). Town was included as a random effect in the model. We tested pair-wise
relationships among taxa also using mixed effects models with negative binomial
distributions. After testing each pair, we used the Benjamini-Hochman post-hoc test to
adjust for multiple testing (Benjamini and Hochberg 1995). Model comparison and
selection were performed using likelihood ratio (LR) tests. We plotted logistic regression
models for better visualization of the relationships and used the packages in the tidyverse
(Wickham et al. 2019) and the package interactions (Long 2019) in R.

Results

Do invasive American bullfrogs house sub-clinical infections of Ranavirus?
We analyzed a total of 65 specimens of L. catesbeianus (Table 1), with an overall
Ranavirus prevalence of 0.31, 95% CI [0.17, 0.38] across individuals. However, no
Ranavirus clinical signs, such as organ lesions or hemorrhaging and redness or swelling
near the legs were ever observed across bullfrogs. The viral amplicon sequence identities
were a match to the Ranavirus species Frog virus 3. Viral copies ranged from 36 to
143,358 viral copies with a median of 986 copies (Figure 1). Four out of 9 sites had
individuals that tested positive for Ranavirus (Table 2). Populations that tested positive
did not differ in Ranavirus prevalence (P=0.06). Most of the infected individuals came
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from Embú das Artes, SP (0.53, 95% CI [0.29, 0.77]), but we also detected Ranavirus
infection in Quatro Barras, PR (0.50, 95% CI [0.23, 0.77]), Chapecó, PR (0.40, 95% CI
[0.07, 0.81]) and Blumenau, SC (0.18, 95% CI [0.03, 0.45]). Viral loads ranged from 398
- 1979 viral copies per ng DNA with on average 971 (+/- 242) copies in Embú das Artes,
the site with the highest Ranavirus prevalence. Quatro Barras had higher average viral
loads with a mean intensity of 35,602 (+/- 27,369) copies (Figure 1b). One bullfrog out of
9 collected in Blumenau was infected with 102,631 copies/ng of Ranavirus. When that
outlier was removed, there were no statistically significant differences in average copies
among populations.

Are bullfrogs infected with helminth taxa?
Bullfrogs hosted helminth parasites across 4 phyla, with a total prevalence of
0.76, 95% CI [0.72, 0.90]. Four phyla (Nematoda, Acanthocephela, Platyhelminthes,
Pentastomida) and two classes (Trematoda and Cestoda) within Platyhelminthes. Total
helminth abundance, prevalence, and assemblage did not vary among populations,
although there were differences in helminth richness (P<0.001) and evenness (P<0.001)
among sites (Figure 2). We observed a high prevalence of macroparasites in most
collection sites (Table 1). Among the four phyla of macroparasites found, Nematoda was
the most prevalent (0.72, 95% CI [0.62, 0.83]) and abundant (N=1848). However, most
nematodes were found encysted. Acanthocephala was also found in most sites, and
Platyhelminthes (represented by cestodes and trematodes), and Pentastomida were found
in low prevalence and abundance (Table 2). Acanthocephala also had a high number of
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cysts and the majority of Cestoda and Pentastomida were larvae. All sites had at least one
helminth taxon represented, although 11 out of the 65 bullfrogs had no infections.

Are there patterns of co-infection in bullfrogs with helminths and Ranavirus?
Coinfections were frequent, with 0.33 prevalence (95% CI [0.22, 0.44]) of
bullfrogs infected with at least 2 helminth phyla. Co-infection of helminth taxa or
Ranavirus had a 0.46 [0.35, 0.58] prevalence. There was a strong positive relationship
between abundance and variance of helminth taxa in individual hosts (R2=0.979), and it
was stronger when including both helminth taxa abundance and Ranavirus viral load
(R2=0.992). The negative binomial distribution models of abundance and viral load were
the best fit compared to the Poisson distribution models for all taxa, and so were used to
model the response variable in the generalized linear mixed effects models. The fitted
negative binomial distributions indicate all taxa exhibited the universal pattern of
population-level aggregation. Platyhelminthes (Trematoda and Cestoda) and
Pentastomida continued to exhibit this aggregation pattern in populations across sites as
well (P < 0.001), but Nematoda and Acanthocephala did not (P > 0.05).
At the helminth community-level across individual bullfrogs, we detected
structured assembly. Overall, the observed c-index (68.2) was lower (p=0.015) than
simulated c-indices calculated from 1000 randomly shuffled matrices, so we continued
with pairwise tests. Phyla Acanthocephala and class Cestoda co-occurred more frequently
than expected when randomly distributed, as well as Nematoda and Platyhelminthes
classes (cestodes and trematodes) (p < 0.001, Figure 3). The pairwise comparisons of
abundances between taxa and Ranavirus revealed a positive correlation between
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Acanthocephala and Platyhelminthes abundance across individuals (estimate = 0.80,
P<0.0001) and a negative relationship between Ranavirus viral copies and Nematoda
abundance (estimate= -0.22, P=0.03).
Macroparasite total abundance had a positive relationship with bullfrog length
(estimate = 1.95, P<0.0001). At both the individual and site scale, Ranavirus infection
status and prevalence were not directly related to bullfrog SVL, helminth richness, and
helminth counts across taxa. However, there was an effect of infection status on total
macroparasite abundance (P<0.05), and the best fitting model of total abundance included
the interaction of bullfrog size and Ranavirus infection status (P<0.0001) and Ranavirus
viral load (estimate = -0.17, P<0.05). Overall, the total number of macroparasites
increased as bullfrog length increased, yet Ranavirus negative individuals exhibited a
stronger, more positive relationship (estimate =2.07, P<0.0001) with higher parasite
abundances than infected individuals (estimate = 1.82, P< 0.05; Figure 4). Helminth
richness did not correlate with bullfrog SVL, Sex, Ranavirus infection status, nor their
interactions.

Conclusions
This is the first assessment of concomitant infection of the American bullfrog by
Ranavirus and macroparasites in South America. Through this survey, we sampled
different localities across the bullfrog’s invasion range in the southeast Brazilian Atlantic
Forest. Bullfrogs were found to be asymptomatically infected with Frog virus 3 (FV3)
Ranavirus across disjunct localities in three Brazilian states. FV3 is a prevalent and
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virulent species that has been previously documented in other South American countries
(Candido et al. 2019). All taxa exhibited patterns of aggregation at the population level,
but this is unsurprising and a near universal pattern in parasite ecology across systems
(Shaw et al. 1998, Poulin et al. 2007). Heterogeneity in exposure or susceptibility to
parasites between populations lead to site-level aggregation patterns, such as those
observed in these Platyhelminthes and Pentastomida, and most likely contributes to the
observed difference in helminth richness and evenness among populations (Figure 2).
Nematoda and Acanthocephala were widely dispersed across locations, suggesting they
are prevalent in the environment and/or bullfrog diet. Additionally, we found a positive,
linear relationship between bullfrog length (SVL) and macroparasite abundance. This
indicates macroparasite mortality may be negligible and so infections accumulate through
aging (Hudson and Dobson 1995, Hudson et al. 2006, Raffel et al. 2009). However, this
relationship was negatively affected by Ranavirus infection status, suggesting synergistic
mechanisms, such as an immune response tradeoff, may be driving micro and
macroparasite patterns.
L. catesbeianus individuals harbored Ranavirus without exhibiting any apparent
clinical signs and host a rich fauna of helminths. The bullfrogs sampled could be the
survivors of a prior Ranavirus infection while in their more susceptible metamorphic
stages and now host chronic infections as adults; it is also possible they were exposed to
the virus as more tolerant adults yet could not eliminate infection. We do not know for
certain whether the bullfrogs are shedding viral particles into the environment, but
previous studies have shown a correlation between viral shedding rates and viral copies
within liver and kidney tissue (Brunner et al. 2019). It is possible that low to moderate
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amounts of viral shedding by adults and their tadpoles into the water could affect
community disease dynamics. In a study conducted by Ruggeri et al. (2019), they
sampled apparently healthy Brazilian tadpoles from a pond where adult bullfrogs were
present but not sampled. There was low Ranavirus prevalence and viral copies in the
native tadpoles of that population, but none exhibited clinical signs of infection. The
collected tadpoles could have also survived a prior Ranavirus mortality event and still
harbor chronic infection. However, adult bullfrogs could be theoretically exposing native
populations to low dosages of viral particles, due to their resistance to infection, and
resulting in sub-clinical viral shedding and the potential ‘priming’ of native anuran
immune systems (Nelson et al. 2015). This could theoretically occur if viral copies do not
reach a minimum threshold for infection, which is usually 102 pfu/mL (Hoverman et al.
2011). However, half of collected bullfrogs had moderate loads of 103 viral copies or
greater and could be amplifying transmission if they are shedding virions at rates
consistent with their moderate to high loads (Brunner et al. 2019). However, the impact
of the viral shedding of asymptomatic infections is poorly understood in this system, as is
the relationship between viral pfu and genome copies (Leung et al. 2017), and further
studies are needed to better understand the impacts to community disease dynamics. Our
data support that American bullfrogs may be impactful reservoirs in the Ranavirus
system, however data on both the native anuran community and the adult bullfrogs are
needed to answer this question.
We found a diverse helminth assemblage in invasive L. catesbeianus bullfrogs
(Figure 2), which contrasts with a survey that documented only two nematode species
across 16 bullfrogs in Argentina (Gonzalez et al. 2014). We observed co-occurrence and
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correlation of abundances between Acanthocephala and Cestoda in bullfrogs (Figure 3),
most likely due to their shared trophic transmission mode, or primarily transmitted
through predatory acts and ingestion. Due to the extreme predatory behavior and
generalist diet of L. catesbeianus, it seems likely trophic transmission is a significant
factor in helminth community dynamics and that the helminth community assemblage in
native anurans directly influences L. catesbeianus helminth assemblage. However, most
parasites in the two widespread helminth phyla, Nematoda and Acanthocephala, had
indirect lifecycles and were found still encysted in the bullfrogs, not developing. This
suggests L. catesbeianus could be serving as a dead-end host, or a parasite sink, of these
taxa. Most likely, the American bullfrog could be exhibiting host defense mechanisms
that may prevent development of these macroparasites but not their establishment,
leading to many encysted individuals. This would not lend support to the enemy release
hypothesis for L. catesbeianus, since anti-parasite defense mechanisms against the local
parasites would still be stimulated, decreasing the invader’s advantage over native
species. It is likely the voracious predation of L. catesbeianus on smaller and mediumsized native anurans is a much more important contributing factor to its invasion success
in the Atlantic Forest (Oda et al. 2019). We also recorded adult nematodes with direct
life cycles within the bullfrog, suggesting invasive bullfrogs are suitable hosts and that
these helminth species exhibit low specificity. It is possible the American bullfrog could
be amplifying these helminth taxa via spillback, which is observed when an invasive
species increases the parasite load of native species through the acquisition and
proliferation of local parasites (Kelly et al. 2009; Young et al. al. 2017). Final helminth
species identification is needed to assess whether they truly are native parasites; however,
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the spillback and sink mechanisms are not mutually exclusive and could be
simultaneously occurring in the system.
The negative effect of Ranavirus infection on total helminth abundance and its
relationship with bullfrog size suggests a tradeoff: individuals who may be effective at
managing low helminth abundances may be more susceptible to pathogen infection and
vice-versa. To further support this theory, our results suggest a significant negative
relationship between Ranavirus viral load and Nematoda abundance. The interaction is
likely indirect and immune-mediated, since Ranavirus targets the kidneys, liver, and
spleen and Nematoda individuals and cysts were primarily found in the GI tract.
Additionally, clinical signs such as hemorrhaging of the intestinal epithelial cells which
could indicate a direct interaction, were not observed in these subclinical infections. A
likely mechanism is the T-helper type 1 (Th1) and type 2 (Th2) immune response
tradeoff. Generally, microparasites, such as viruses, activate the Th1 arm, while
macroparasites activate the Th2 arm of the adaptive immune system (Graham 2007;
Grogan et al. 2018). When one arm is expressed, the other is downregulated, which leads
to individuals more effective at clearing helminths also being more susceptible to
pathogens. A similar negative relationship was observed in Ramsay and Rohr (2021)
after they experimentally infected Cuban tree frogs (Osteopilus septentrionalis) with
Ranavirus and a species of nematode (Aplectana hamatospicula) and detected higher
Ranavirus infection loads following prior A. hamatospicula exposure. They suggested
this pattern could be driven by the limited resources for combatting a second parasite
after initially mounting a Th2 immune response and suppressing the Th1 response
necessary to fight off the virus. Since adult amphibians have a greater capability of
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surviving with subclinical Ranavirus infections and mortality events are rare (Miller et al.
2011), studies on the impact of adults on virus dynamics are generally sparse. However,
it is likely that although Ranavirus-induced mortality is reduced in adult individuals,
there are other fitness effects, even with low levels of infection.
This study has limitations commonly associated with field surveys. Only a few
individuals could be captured at 4 populations with many adults present in Iporanga
(N=4), Piraquara (N=2), São José Piraquara (N=4), and Chapecó (N=3); thus, samples
may not be representative of these populations and could reflect a higher capture rate of
individuals with lower fitness. However, we can be confident in the observed high
prevalence of helminth parasites and co-infection since the lowest prevalence estimates in
the 95% confidence intervals still comprise a large portion of samples. Additionally, this
survey is limited by being a snapshot of the community in time, so we were unable to
disentangle the effects of exposure order and timing of taxa. However, temporal coinfection field studies should be conducted to determine whether these exposure order
and time lag effects can be detected in native amphibian communities outside of a
laboratory setting. A combination of field and experimental studies is needed to assess
the causative impacts of invasive reservoir hosts on parasite dynamics. Nevertheless, our
results provide support that Ranavirus resistant adults can act as reservoir hosts that could
influence local parasite community dynamics
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Figures and Tables
Table 1 Parameters of infection by Ranavirus and macroparasites found in American bullfrogs (Lithobates catesbeianus) from
different localities of a Brazilian Atlantic Forest survey. Viral load estimates are in units of viral copies per ng of DNA.
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Table 2. Total helminth macroparasite abundance among phyla and classes in invasive adult American bullfrog (Lithobates
catesbeianus) populations from different localities across the Brazilian Atlantic Forest. Locality shows the town and Brazilian
state where samples were collected.
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Figure 1 (a) Estimated Ranavirus prevalence did not differ among the positive sites
sampled across the Atlantic Forest region of Brazil (p=0.06). Prevalence was estimated
from beta distribution parameters (α (number of positives + 1) and β (number of
negatives + 1)) and shown with 95% confidence intervals (NB= 9; NC=3; NEdA= 13;
NQB=10). (b) Average viral copies of Ranavirus positive American bullfrog (Lithobates
catesbeianus) adult individuals from 4 populations (NB= 1; NC=1; NEdA= 7; NQB=5).
Viral copies of positive individuals differed among populations (p<0.05), but differences
were driven by the high load found in the single Blumenau Ranavirus-positive bullfrog.
There was no difference in prevalence between Embu das Artes and Quatro Barras
individuals (p=0.14).
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Figure 2 Differences in (a) helminth taxa richness (p<0.001) and (b) evenness (PIE; p<0.001) were detected across 9 American
bullfrog (Lithobates catesbeianus) naturalized populations of the Atlantic Forest, Brazil. Helminth taxa richness and evenness
were highest in Quatro Barras (PR) and lowest in Embu das Artes (SP). However, (c) helminth abundance did not differ
between L. catesbeianus populations.
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Figure 3 The observed co-occurrence of Ranavirus and helminth taxa (rows) infection
American bullfrog (Lithobates catesbeianus) individuals (columns or ‘sites’) (a)
compared to a simulated co-occurrence matrix (b) using randomization tests in EcoSimR.
Filled cells represent presence of taxa within the individual, while empty cells represent
absences. The observed c-index (68.2), marked with a red vertical line (c), was
statistically different (p=0.015) from simulated c-indices calculated from 1000 randomly
shuffled matrices. Short, dashed lines indicate the 95% confidence interval of a two-tailed
test, while longer dashed lines indicate 95% confidence interval of a one-tailed test.
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Figure 4 Ranavirus infection status interacted with American bullfrog (Lithobates
catesbeianus) length in relation to total macroparasite abundance (adjusted Rsquared=0.54; p=3.466e-08). We tested the relationship between bullfrog length (scaled
and centered around the mean) and the total helminth abundance per individual using
negative binomial linear mixed models, although here we use a GLM with unscaled
length (cm) for better visualization. Data represent individuals from sites that had at least
one Ranavirus infection (n=35).
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CHAPTER III: INCREASED MORTALITY FROM RANAVIRUS INFECTION ASSOCIATED WITH
HAPLOTYPES OF THE MAJOR HISTOCOMPATIBILITY COMPLEX (MHC) IN WOOD FROG

(LITHOBATES SYLVATICUS) TADPOLES

Abstract
Ranavirus has been linked to population declines of multiple amphibian species, yet
susceptibility and mortality greatly vary between species, populations, and individuals.
Here, we tested whether susceptibility to Ranavirus infection was associated with the
Major Histocompatibility Complex (MHC) gene, which modulates acquired immune
response in vertebrates and can exhibit pathogen-mediated selection. We predicted
positively selected MHC haplotypes and heterozygosity would be associated with
decreased susceptibility and increased survival probability. Over two years, we conducted
experimental infections of metamorphic tadpoles from 8 wood frog (Lithobates
sylvaticus) populations in Vermont. We then sequenced MHC genes from 33 individuals
of those most and least susceptible to Ranavirus infection, assigned by their time to death
and viral load at death in the experiments. Exon 2 of the MHC class IIβ gene of each
tadpole was amplified, sequenced, and analyzed for phylogenetic relationships with
susceptibility phenotypes and signatures of natural selection. We detected 24 unique
haplotypes and categorized them into 4 ‘supertypes’ based on phylogeny and verified
with a discriminant analysis of principal components. Although we detected significant
differences in survival probabilities among supertypes, heterozygotes did not fare better
than homozygotes overall. The most susceptible supertype (VT-03) had a 3x increase in
the probability of death compared to other supertypes. Additionally, individuals in the
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most resistant supertype (VT-02) put on significantly more weight throughout the
experiment. Positive selection was detected at 8 amino acid sites, including four sites in
the peptide binding region which affected Ranavirus load and survival. Single resistance
alleles were not identified suggesting multiple peptide pockets are likely important. The
extent of MHC diversity in Vermont L. sylvaticus populations most likely reflects
selection from sources other than Ranavirus pressure and suggests populations may have
some resistance to new pathogens.

Keywords: amphibian; disease; Major Histocompatibility Complex; MHC; resistance;
tolerance

Introduction
Emerging infectious diseases are drivers of global amphibian population declines
and extinctions. Ranaviruses (virus family: Iridoviridae) are pathogens that have been
associated with most North American amphibian mass mortalities (Green et al., 2002).
Ranavirus Frog Virus 3 (FV3) is widespread in many parts of the world and can infect
across vertebrate classes of amphibians, reptiles, and fish; however, amphibians appear to
be most susceptible, with some populations exhibiting up to 100% mortality since at least
the late 20th century (Gray et al., 2009). Large variation in Ranavirus susceptibility
simultaneously exists in natural host assemblages. Some factors that influence this
variation and increase susceptibility are known, including pesticide exposure (Miller et
al., 2011), warmer temperatures (Brand et al., 2016), increased salinity (Hall et al., 2020),
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dosage (Brunner et al., 2005), host life history traits (Hoverman et al., 2011), and host life
stages, with metamorphic larvae (referred to here as ‘tadpoles’) being most susceptible
(Brunner et al., 2015, Savage et al., 2019). Varying courses and outcomes of infection
have also been observed in experimental Ranavirus infection studies even under
controlled conditions and highly standardized exposures (Beck et al., 2006, Hoverman et
al., 2011, Brunner et al., 2015). This suggests that underlying host genetics and immunity
play a role in this variation.
Individuals that do not exhibit high susceptibility to infection do so either through
resistance or tolerance to infection, two conceptually different components of pathogen
defense (Råberg et al., 2007). Resistance is defined as the ability to limit parasite burden,
while tolerance is the ability to limit the disease severity induced by a given parasite
burden (Simms & Triplett 1994; Fineblum & Rausher, 1995; Fornoni et al., 2004; Restif
& Koella 2004; Råberg et al., 2007). Animal disease resistance and tolerance, though less
studied than those in plant and agricultural systems, can exhibit considerable genetic
variation (Råberg et al., 2007) and most likely have different underlying immune
response mechanisms (Heath & Carbone, 2001).
The major histocompatibility complex (MHC) generates and modulates adaptive
immune response in all jawed vertebrates (reviewed in Laird et al., 2001). MHC class I
and class II molecules present peptides at the cell surface to T cells, which aid in
pathogen elimination and recruitment of B-cell production (reviewed in Rock et al. 2016,
Wieczorek et al., 2017). Although MHC class I genes present antigens to CD8+ T cells
that target virally infected cells, larval amphibians do not express them (Flajnik et al.,
1987, Rollins-Smith, 1998, Savage et al., 2019). Therefore, MHC class II molecules are
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most important for defense in larval and metamorphic amphibians, and it is at these
stages when they are most susceptible to Ranavirus infection (Grogan et al., 2018). MHC
class II molecules present peptides on antigen-presenting cells (macrophages, dendritic
cells, or B cells) by ingesting antigens and presenting them to CD4+ T cells. The
outcome of these processes influence susceptibility to infection.
The MHC system is often used as a model for studying genetic variation in
natural populations, as it is generally highly diverse and believed to be under pathogenmediated selection (reviewed by Spurgin & Richardson, 2010). Two mechanisms may
link MHC haplotypes with infection resistance and tolerance: first, the ‘heterozygote
advantage’ via overdominance (a form of balancing selection) proposes heterozygotic
individuals are favored, as they can present an increased diversity of peptides to the
immune system. Second, the rare-allele advantage proposes there is frequency-dependent
selection for pathogens to overcome pathogen resistance of the most common alleles in a
population, and thus new, rarer alleles and their unique combinations (haplotypes) confer
greater protection. This would result in a high diversity of MHC alleles in the host
population. The two mechanisms are not mutually exclusive, since rare alleles can occur
disproportionately in heterozygous individuals (Apanius et al., 1997, Oliver et al., 2009).
The two previous surveys on Ranavirus and the MHC in wild populations of frogs found
support for a heterozygote advantage (Savage et al. 2019), as well as selection for
specific haplotypes (Teacher et al., 2009).
Here, we sought to determine if host genetic variation leads to the wide range in
Ranavirus susceptibility within and among populations by examining a segment of the
MHC class IIß gene. We used an experimental approach to directly assess whether MHC
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alleles and their unique combinations (haplotypes) were associated with the mortality and
viral copies of Ranavirus infected L. sylvaticus tadpoles. We conducted experimental
infections on L. sylvaticus populations from 8 locations in Vermont in 2018 and 2019.
Half of these populations had recent Ranavirus infection history at the site, documented
through field surveys. We expected to observe increased heterozygosity of the MHC gene
in individuals resistant to Ranavirus infection. Additionally, amino acid sites across the
MHC class IIß gene encode features of MHC molecules that may improve binding to
Ranavirus antigens and induce a stronger immune response (Bataille et al., 2015). We
predicted strong positive, diversifying selection at these amino acid sites. Finally, we
expected an association of positively selected MHC haplotypes with decreased infection
intensity. Further understanding of how individuals and populations can resist and
survive a virus that simultaneously has deadly consequences in other populations and
assemblages is critical for conservation and management efforts. To our knowledge, this
is the first study to connect MHC allelic composition and diversity to experimentally
Ranavirus-infected individuals with differential mortality.

Materials & Methods
Experimental Ranavirus infections
Experiments took place over the course of two years in the summers of 2018 and
2019. In each spring, four wood frog (Lithobates sylvaticus) egg masses were collected
from 8 ponds in Vermont, USA, rinsed thoroughly in distilled water, and reared in 5
gallons of aged and dechlorinated tap water. Tadpoles were handled with disinfected
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handheld nets or mesh to prevent virus transmission. Metamorphic L. sylvaticus tadpoles
between Gosner stages 34-36 (Gosner, 1960) were infected with the Frog-virus 3 (FV3)
species of Ranavirus (strain AEC37-3), which was the third pass of a virus from a wood
frog tadpole collected from a pond in the Adirondacks, NY in 2009 (Brunner et al.,
2011). This locality is geographically distinct from our populations, minimizing the
potential that they were locally adapted to this strain, but close enough geographically to
be similar to strains they could encounter. Across years and populations, experimental
infections consisted of 78 control tadpoles and 81 experimentally infected tadpoles across
31 egg masses from 8 populations (Table 1).
Tadpoles were housed individually in 1L cups with 500 mL aged tap water for 7
days before experimental infection and fed crushed algal wafers ad libitum. In 2018 and
the first round of 2019, tadpoles were infected with 20E4 plaque-forming units per
milliliter (pfu mL-1) in 1 mL of Dulbecco’s modified Eagle medium [DMEM; Gibco]
culture medium and 199 mL of water for a final concentration of 10E2 pfu mL-1 in 200
mL water. For the second round of 2019, tadpoles were infected with 40E4 pfu mL-1 in
1mL of DMEM and 199mL of water for a final concentration of 20E2 pfu mL-1. We
chose dosages that were high enough to cause infection and mortality (Gray et al., 2015)
but low enough to induce variation, as there is a significant increase in mortality as
Ranavirus dosage increases, and dosage becomes unimportant over 104 cfu mL−1
(Brunner et al., 2005). Control tadpoles from each population were sham-infected with 1
mL of water (2018) or 1 mL DMEM culture medium (2019). Cups were randomly
assigned to locations on the bench to diminish microclimatic effects. After 24 hours,
tadpoles were transferred to 500 mL of aged tap water and then water changed every 3
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days. Tadpoles were weighed and life-staged immediately before infection and at death
or the end of the experiment, whichever came first. Following Ranavirus exposures, we
assessed individuals for clinical signs each day until death or the end of the experiment.
Clinical signs included redness and swelling of the legs, slow response to a disturbance
(tap on the cup), tail tissue death, and loss of buoyancy or erratic swimming (Gray et al.,
2015). In 2018, most tadpoles were left to exhibit Ranavirus disease progression.
However, on day 12 of the experiment, we euthanized 14 tadpoles. We selected 3
individuals from the same egg clutch: 1 tadpole that was exhibiting any clinical signs, 1
tadpole was not exhibiting signs, and 1 control. In 2019, all individuals were left to
exhibit normal disease progression until death, metamorphosis, or the end of the
experiment. Those that reached metamorphosis or the end of the experiment were
euthanized. Euthanization took place under IACUC permit #16-033 by either a water
bath of 20% benzocaine hydrochloride for tadpoles or application of 20% benzocaine gel
on the ventral abdomen of metamorphosed frogs (Leary & AVMA, 2020).

Infection Intensity
Ranavirus first targets the kidney, liver, and spleen during infection, often causing
lesions, hemorrhaging, lethargy, erratic swimming, organ failure, and death in severe
cases. Therefore, to quantify Ranavirus infections, we performed necropsies at death or at
the end of the experiment. Necropsies were conducted under a microscope where we
removed the liver, kidneys, and spleen for Ranavirus genomic DNA extraction. A sterile
surgical scalpel was used for each tadpole to avoid contamination. Ranaviral DNA was
extracted using Omega Bio-tek E.Z.N.A. tissue kits following manufacturing protocols
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for tissue. We used quantitative PCR following the procedures from Stilwell et al. (2018)
to quantify the number of copies of the major capsid protein of the virus in the sample.
Each reaction was run with a standard, extraction negative, non-template control, and an
18S assay (Applied Biosystems Assay ID Hs99999901_s1) as an internal control.
Ranavirus viral load was calculated as the number of viral copies per nanogram of DNA
(ng-1).

Susceptibility Phenotypes
To better capture MHC haplotypes associated with Ranavirus susceptibility, we selected
33 individuals by their susceptibility phenotype. Tadpoles were assessed using their viral
loads at death and life span and assigned to 1 of 3 categories. No control tadpoles died
over the course of the experiments, thus infected individuals who died within 8 days in
2018 or within 14 days in 2019 with any viral load were assigned ‘Susceptible.’ Those
that did not exhibit many clinical signs and had lower than 103 viral copies ng-1 when
euthanized were assigned ‘Resistant.’ Finally, those that did not have many clinical signs
but had viral loads higher than 103 viral copies ng-1 were assigned ‘Tolerant’. We
designated 11 resistant, 6 tolerant, and 16 susceptible individuals for MHC analysis,
which represented 21 L. sylvaticus egg masses from all 8 populations. All resistant and
tolerant individuals lived until the end of the experiment, unless euthanized on day 12 in
2018 (N = 7).
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MHC Amplification and Sequencing
To amplify the MHC gene, we extracted genomic DNA from tail clips of Ranavirusinfected individuals by using Omega Bio-tek E.Z.N.A. tissue kits. We used the MHC
class IIβ forward primer (MHC-F, Hauswaldt et al., 2007) and an intron-specific reverse
primer (B1intron2_R, Kiemnec-Tyburczy et al., 2010) to amplify 270 bp of exon 2 and
66 bp of the adjacent 3′ flanking intron. Only the exon 2 coding region was examined for
selection analysis. The PCR reactions consisted of 3 μl nuclease free water, 0.5 μl of both
the forward primer (MHC_F) and reverse primer (B1intron_R), and 5 μl EconoTaq PLUS
2X PCR Master Mix for a total volume of 10 μl. After the initial denaturation at 94°C for
2 min, amplifications were performed for 40 cycles at 95 °C for 50 s, 60 °C for 45 s, and
72 °C for 1 min, with a hold at 72°C for 5 min after the final cycle. After PCR cycle
completion, the samples were held at 4°C. PCR products were size verified with agarose
gel electrophoresis, purified using ExoSap, and Sanger sequenced at the Vermont
Institute for Genomic Resources at the University of Vermont. Although some anuran
species have multiple MHC loci (Borghans et al., 2007), L. sylvaticus only has one copy
of the MHC class IIβ gene, and so no more than two alleles were recovered from any
individual. We used translated amino acid queries in GenBank to confirm MHC class IIβ
homology and aligned, trimmed, and edited sequences in Geneious Prime 2022.1.
Sequences from heterozygotes exhibited double chromatogram peaks at specific locations
across the region examined. Sequences from homozygotes were separated first and then
used to separate heterozygotes into haplotypes based on parsimony, or the minimum
number of haplotypes necessary to explain a given number of genotypes (Lancia et al.,
2004).
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Construction of supertypes
Prior to conducting phylogenetic and selection analyses, we tested for recombination
using GARD (genetic algorithms for recombination detection) in HyPhy software
package (Kosakovsky Pond et al., 2006) on the Datamonkey server (Delport et al., 2010).
After detecting no evidence of recombination, we proceeded in constructing a Bayesian
inference tree to analyze the phylogenetic relationship among L. sylvaticus MHC
haplotype sequences to further group into supertypes. The best-fit partitioning scheme
and substitution model for partition was determined using jModelTest2 on XSEDE
(CIPRES; Darriba et al., 2012; Guindon & Gascuel, 2003). MHC nucleotide alignments
were analyzed under the model GTR + I + G implemented in MrBayes (Ronquist et al.,
2012) on XSEDE (CIPRES), with the MHC class IIβ gene of a moor frog (Rana arvalis;
GenBank: MT002664.1) set as the outgroup. MrBayes uses the Markov chain Monte
Carlo (MCMC) method to approximate the posterior probability of the phylogenetic
relationships. MCMC was run on 4 chains for 10,000 generations, sampling every 1,000
generations. A consensus tree was created using FigTree v1.4.4 (Rambaut, 2018). Using
the resulting phylogenetic tree, we grouped 24 haplotypes into 4 ‘supertypes’ (Figure 1)
to better detect statistically significant patterns. We verified phylogenetic groupings using
a discriminant analysis of principal components (DAPC) through the adegenet package
(Jombart & Ahmed, 2011) in R version 4.2.1 (R Core Team, 2022; RStudio Team 2022).
We assigned the supertypes as a priori groups in the DAPC. With these a priori
groupings we calculated the genetic distance among clusters and visualized separation
with a scatterplot of the PCs (Miller et al., 2020, Figure 2). Using 1000 replicates, we
performed cross-validation to determine the optimal number of PCs to retain and to
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predict membership ID. Additionally, we constructed haplotype networks using integer
neighbor-joining and mapped supertypes to their collection locations, both implemented
in PopART (Population Analysis with Reticulate Trees; Leigh & Bryant, 2015).

Population genetics analysis
Population genetic statistics, such the observed mean heterozygosity (diversity) within
each population (HS), total genetic diversity in the pooled supertypes (HT), the total
genetic diversity distributed among supertypes (DST), and the measure of population
differentiation within supertypes (FIT) and among supertypes relative to the total variation
(FST) were calculated using the R package hierfstat (Goudet, 2004). We conducted single
nucleotide polymorphism (SNP) analysis among the 4 supertypes and among resistant,
tolerant, and susceptible individuals using the adegenet (Jombart & Ahmed, 2011) and
poppr (Kamvar et al., 2015). Finally, we also performed an Analysis of Molecular
Variance (AMOVA) to test the genetic differentiation among the 4 supertypes using the
package poppr.

Statistical Analysis of Survival
We analyzed survival data using survivorship curves, logrank tests, and Cox
proportional-hazards (PH) models (Cox, 1972). Time to death (life span) was
standardized by the length of the experiment treatment round (in days). We performed
univariate log-rank tests of equality for categorical variables (source population, egg
mass clutch, starting life stage, prior Ranavirus history at collection location, and MHC
heterozygosity and supertype), and univariate Cox PH regressions for continuous
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variables (initial mass or life stage and change in mass or life stage). Cox PH is a
regression model commonly used to statistically determine the association between the
survival time of individuals and one or more predictor variables (Fox & Weisberg, 2018).
Significant P values were determined by using Benjamini-Hochman adjustment
(Benjamini & Hochberg, 1995). Analyses were also performed in RStudio (RStudio
Team, 2022) and R version 4.2.1 (R Core Team, 2022) using the survival (Therneau &
Grambsch, 2000; Therneau, 2022) and survminer (Kassambara, 2021) packages. We used
Fisher’s exact tests to determine whether supertypes differed in their numbers of
heterozygotes, prior Ranavirus history (0 or 1), collection location (8 wetlands), and
tadpole category (‘Resistant,’ ‘Tolerant,’ ‘Susceptible’). We used an analysis of variance
(ANOVA) to determine whether there were differences between supertypes in their viral
loads and growth. These were calculated by subtracting the end Gosner life stage or
weight from the initial measurement at the start of the experiment. We used the
Benjamini-Hochberg method to adjust for multiple testing.

Selection Analyses
We used the 270 bp section of the coding region of 24 MHC haplotypes for selection
analyses using the HyPhy software package (Kosakovsky Pond & Frost, 2005)
implemented on the Datamonkey server (Delport et al., 2010). The Bayesian inference
phylogenetic tree was used as the input for the selection analyses. To detect site-specific
codon selection, we used FEL (Fixed Effects Likelihood), the method currently
recommended by Datamonkey for testing selection in small to medium sized samples
(Kosakovsky Pond & Frost, 2005). FEL uses a maximum likelihood approach to infer the
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rates of nonsynonymous (dN) and synonymous (dS) nucleotide substitutions. Ratios of
dN/dS (ω) > 1 indicate positive diversifying selection (or excessive nonsynonymous to
synonymous rates) and dN/ dS < 1 indicate negative purifying selection (Garrigan &
Hedrick, 2003; Hughes 1999, 2007). To test for diversifying selection along individual
branches of the genealogy, we also implemented the branch-site random effects model
(aBSREL), which uses models of different complexity for different branches in the
phylogeny to allow variation in selective pressures among both codon sites and individual
branches (Smith et al., 2015). We used 1000 bootstrap replicates and considered P-values
lower than 0.05 to indicate significant evidence of positive or negative selection for both
analyses.

Statistical analysis of positively selected codons
We conducted Fisher’s exact tests to analyze the differences in amino acids at positively
selected sites among susceptibility phenotypes (resistant, tolerant, susceptible) and
between survival status (survived, died). Sequences were omitted from the analysis if
they contained unknown codons (both sequences from X4-2) or multiple unique codon
outliers (sequence E1-12_other). To determine if certain amino acid sites were associated
with viral load of infected tadpoles, we used linear mixed effects models to test the MHC
amino acid sequences. The log-transformed viral load of the infected tadpole was used as
the response variable with amino acid letters at positively selected codons as categorical
fixed effects and the tadpole starting life stage and weight as continuous fixed effects.
The year, population, and egg mass were set as nested random effects. The final effects of
the models were chosen through backward stepwise selection. Finally, we used Cox PH
87

regression in the R package survival (Therneau & Grambsch, 2000) to determine if
individuals with particular amino acids at positively selected sites differed in survival and
whether it varied depending on year, treatment, and heterozygosity of the individual.
Models were compared and selected using likelihood ratio tests.

Results
Survival did not differ among egg mass collection sites, neither in the subset of
individuals selected for MHC sequencing, nor when analyzing all the tadpoles in the
experiments. We detected 24 unique haplotypes among the 66 sequences from 33
susceptible, tolerant, or resistant L. sylvaticus tadpoles collected across the 8 wetlands
over two years: 2018 (n=42 sequences from 21 individuals) and 2019 (n= 24 sequences
from 12 individuals) (Figure 1). Across the 270 bp coding region of the MHC class IIβ
locus, there were 36 variable sites. Five of the 24 haplotypes were found in more than 2
collection locations. Out of those, the haplotype BOV3-1 was the most prevalent and
appeared in 6 out of 9 locations and was central to the network (Figure 1). Observed
heterozygosity was high among all individuals (Table 2). Genetic diversity differed
between supertypes (P < 0.01). The supertype with the most resistant individuals had the
lowest genetic diversity, and VT-03 and VT-04 had the highest.
Phylogenetic analysis revealed two diverged clades (Figure 2) and DAPC showed
the 24 haplotypes formed four ‘supertypes:’ VT-01 (19 sequences from 7 haplotypes),
VT-02 (13 sequences from 4 haplotypes), VT-03 (8 sequences from 4 haplotypes), and
VT-04 (16 alleles; (n=26 sequences from 9 haplotypes). VT-01 was the most prevalent
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supertype in 2018 but was only detected in one individual in 2019. In the DACP analysis,
the optimal number of PCs retained were 2 and membership ID was predicted accurately
100% of the time. We observed tolerance in 6 individuals from 4 locations that included
two supertypes. Conversely, resistant individuals expressed 3 out 4 supertypes and
susceptible phenotypes were expressed across all supertypes. The number of susceptible
and resistant individuals did not differ between the two years.
Supertypes differed in their survival. Additionally, heterozygosity was a
significant predictor of survival (homozygotes exhibited 2x increase in probability of
death) when included with supertype in the best-fitting model (P < 0.01, Figure 3). VT-03
exhibited a 4x increase in the probability of death (p=0.0043; Cox proportional hazards
test) compared to the other supertypes. Contrastingly, VT-02 was associated with higher
growth differences (P < 0.01; Figure 4) and more resistant individuals (Figure 5). VT-01
and VT-04 had tolerant individuals, but most sequences in the supertypes came from
susceptible tadpoles. The most common supertype in 2018 was VT-01 but the most
prevalent in 2019 was VT-04. We did not detect any difference in average viral load
between supertypes and prior Ranavirus history did not have an effect.
We did not detect any direct heterozygote advantage (survival or fitness effects)
in tadpoles, but positive selection was detected across all individuals. The 270 base pairs
translated into 90 amino acids. SNP analysis revealed there were no private alleles among
susceptibility phenotypes, but only haplotypes in VT-03 had the 226.G allele, which is
1st position in the codon 76 (Figure 6) of amino acid site residue 87. Further analyses
provided significant evidence of selection in 10 codon positions (Figure 6). We detected
positive selection (ω > 1) of 8 codons (codon positions 1, 3, 14, 16, 50, 67, 68, 76) and
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two codons under negative, purifying selection (ω < 1; positions 59, 89) across all
haplotypes. We did not detect any signatures of selection along individual haplotype
branches using the aBSREL model.
There were no differences in the amino acids expressed at positively selected sites
among susceptibility phenotypes or between tadpoles that survived or died in the
experiments. However, the amino acids at 4 MHC class IIβ codons and the starting life
stage of the tadpole significantly affected Ranavirus load at death and explained an
estimated 60.8% of the variance (Table 3, Figure 7a). Amino acid valine (V) at codon 14
was associated with higher viral loads in individuals (P < 0.001), while the amino acid
tyrosine (Y) at codons 1 (P < 0.001) and 50 (P = 0.02) were associated with lower viral
loads. Starting life stage of the tadpole also affected the viral load outcome, with higher
life stages associated with decreased loads (P = 0.015).
Codons 76 and 14 affected tadpole survival (P < 0.05, Figure 7b-e). The best Cox
PH regression model (LRT = 34.09, P = 3.9E-05) included codon 76, codon 14’s
interaction with heterozygosity, and codon 1 (Figure 7b, c). Year and treatment had no
significant effects, but homozygotes generally had an increased probability of death.
However, homozygotes that expressed valine (V) at codon 14 had a reduced probability
of death (P < 0.001), which is apparent when comparing survival to homozygotes with
isoleucine expressed at the same codon (Figure 7d). At codon position 76, homozygotes
had an estimated 2-fold increase in the probability of death. Additionally, any individuals
that expressed valine (V) at codon 76 had a higher probability of death, but those that
expressed phenylalanine (F) had a reduced probability of death (Figure 7 b, c, e).
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Discussion
We provided the first experimental assessment of the association between
susceptibility to the deadly amphibian pathogen Ranavirus and diversity of the Major
Histocompatibility Complex (MHC) class IIB gene, responsible for the immune response
in larval and metamorphic individuals. We demonstrated larval and metamorphic wood
frogs (L. sylvaticus) vary in their resistance and tolerance to ranaviral infection and that
these phenotypes are associated with MHC haplotypes.
We found differential outcomes of experimental infection and fitness across the 4
MHC supertypes we identified. The VT-03 supertype was associated with higher
mortality, while the VT-02 supertype had increased growth (weight change) through the
experiments. While supertypes did not exhibit decreased viral loads, their infection
outcomes suggest that some alleles convey resistance to viral infection, while others
convey increased susceptibility. The supertype VT-03 had a majority of susceptible
individuals with 4x increased probability of death (Figures 3, 5). SNP analysis revealed
that sequences in the susceptible supertype VT-03 all shared the allele 226.G. This allele
is in codon 76, one of the amino acid sites under diversifying selection. Further, our
codon analysis results suggest resistance to Ranavirus infection may be cumulative or
additive across the gene, potentially among multiple genes, as no single MHC class IIβ
allele conferred resistance or was associated with all surviving tadpoles. However, 4
amino acid codons and heterozygosity were associated with Ranavirus viral load and
survival. Overall, heterozygosity was an advantage at positively selected amino acid sites.
However, the presence of particular alleles may be a more significant factor, as the
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benefits or detriments can potentially be doubled in homozygous individuals. For
example, homozygotes at codon 76 had an increase in the probability of death, indicating
diversity (and a higher probability of a beneficial allele) at the site may be advantageous.
An exception included homozygotes that expressed amino acid V at codon 14, which
exhibited reduced mortality compared to homozygotes that expressed amino acid
isoleucine (I) at that codon. In this case, the double expression of isoleucine appears
disadvantageous. It is possible that 14V was simultaneously associated with reduced
mortality and with increased viral loads because isoleucine homozygotes died with
relatively lower viral loads, indicating higher susceptibility to infection. Previous
characterization of the MHC in humans and mice have associated the amino acid residue
sites 11 and 86 (codons 1 and 76) with peptide pockets 6 and 1, respectively (Bondinas et
al., 2007); however, amino acid residue sites 24 and 60 (codons 14 and 50) are
uncharacterized. This study provides support that multiple MHC peptide pockets may be
involved in the immune response to Ranavirus.
Supporting the finding that multiple amino acids are important in resistance,
resistance was not confined to one supertype and was exhibited across individuals in 3
out of the 4 groupings. Supertype VT-01 was the only supertype that did not include
sequences from resistant individuals, but instead included only susceptible and tolerant
individuals. Although resistance has been well-characterized in plant and animal systems,
tolerance as a host defense strategy is often overlooked although the evolutionary
implications are contrasting (Råberg et al., 2007). While the evolution of resistance
should have a negative impact on pathogen prevalence in host populations, tolerance
should have a neutral or positive effect, as it does not reduce pathogen fitness. We
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demonstrated that tolerance to Ranavirus can occur within populations and there appears
to be a genetic basis for it, as it was observed primarily in one MHC supertype. However,
tolerance was not very common, with 4 individuals in VT-01, 2 individuals outside the
supertype, and all only observed in 2018. It does not appear to be particularly
advantageous, as VT-01 was highly prevalent and detected at most wetlands in 2018 but
only detected in 1 individual in 2019 (Figure 1, 5). However, it could reflect the smaller
sample size of the 2019 experiment. It is possible rare, tolerant phenotypes may not be
beneficial in the Ranavirus system, as viral shedding is correlated with infection intensity
in the liver and kidney tissue (Brunner et al., 2019). Tolerant individuals could instead be
serving as super-spreaders and amplify viral transmission if they are able to shed particles
at a rate consistent with their high viral loads.
MHC diversity was high among all individuals, which could be why we observed
resistance in most supertypes. Pearman & Garner (2005) experimentally showed
population genetic diversity in Italian agile frogs (Rana latastei) mirrored their
susceptibility to Ranavirus, with decreased genetic diversity coinciding with increased
mortality risk. However, they suggested that populations with high genetic diversity
could exhibit more variation in resistance to FV3. The high MHC diversity could also
reflect selection pressure from other pathogens and parasites. Many sites under selection
in this study have also been shown to exhibit positive selection in other amphibian
research investigating historical selection (Cortázar-Chinarro et al., 2018), agriculture
(Hernández-Gómez, 2019), and the deadly fungus chytrid (Savage & Zamudio, 2011,
Bataille et al., 2015). Out of the 8 sites under diversifying selection, 6 have been
described as within the putative peptide binding region (PBR) of MHC Class IIB
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(Bondinas et al., 2007) and associated with peptide pockets 1, 4, and 6, as well as TCRc
(T-cell receptor). From the 2 sites under purifying selection, residue site 69 (codon 59)
has also been described as associated with TCRc. This suggests MHC class II molecules
in Vermont wood frogs may be able to present a variety of peptides to help the immune
response in fighting new or evolved pathogens. In fact, free-ranging populations with
conserved genetic diversity can exhibit higher survival rates compared to populations
with decreased genetic diversity as emerging infectious diseases become more prevalent
(Daszak et al. 2000, Pearman & Garner 2005).
Contrary a previous study of MHC and Ranavirus in natural populations (Savage
et al., 2019), we did not observe decreased infection severity or mortality with MHC
heterozygosity. This provides further support that, although diversity of immune genes is
commonly associated with increased immune function, specific alleles may be more
important regarding resistance to Ranavirus. In fact, one simulation study found that
heterozygote advantage is insufficient to explain the large degree of MHC polymorphism
commonly observed in natural settings (Borghans et al., 2007). In systems with
polymorphisms of more than 10 alleles, such as in this study, alleles would need to confer
unrealistically similar fitness contributions to their hosts for heterozygote advantage
account for such high MHC polymorphism. The co-evolution of hosts and pathogens can
also explain high numbers of alleles in population, as with more MHC alleles can lead to
higher pathogen diversity and mutation rates (Borghans et al., 2007). Other non-mutually
exclusive mechanisms under pathogen-mediated selection include the optimal theory and
fluctuating selection hypothesis (Spurgin & Richardson, 2010). The optimal theory
argues optimal, not maximal, heterozygosity is most beneficial. With MHC diversity that
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is too high, T-cells can get deleted after reacting to self-peptide–MHC combinations
during development (Nowak et al., 1992). Our data seem to support this theory, as the
genetic diversity of the most resistant supertype (VT-02) was the lowest among
supertypes (Table 2). Finally, the fluctuating selection hypothesis (Hill, 1991) proposes
genetic diversity can be maintained if the pathogen regime fluctuates spatio-temporally,
which leads to fluctuations in directional selection intensity and different subsets of MHC
alleles selected for at different times (Spurgin & Richardson, 2010). Ranavirus outbreaks
and other amphibian diseases, such as chytrid fungus, vary spatio-temporally and can
highly depend on abiotic factors and external stressors, so it is a likely potential
mechanism for the observed diversity.
This study was limited in its geographic range, and population structure was not
analyzed, as the L. sylvaticus populations here likely reflect panmixia. This could also be
a reason recent exposure of the locations to Ranavirus did not influence survival or viral
load. Correlations of phenotypes within haplotypes could also be important in
disentangling resistance and tolerance. For example, individuals that died from Ranavirus
could also be more susceptible to stress in general. Increased stress can lead to immune
suppression and trigger latent infections and exacerbate outcomes (Carey et al., 1999,
Patz et al., 2000, Hall et al., 2020). Future studies should investigate the effect of multiple
stressors on susceptibility, resistance, and tolerance to disease to better predict hostpathogen dynamics in a warming climate. To determine the relative importance of
mechanisms driving MHC diversity in populations, multigenerational studies should also
be conducted. By further understanding the relationship between host genetic diversity

95

and emerging infectious diseases, we can better manage threatened populations and
species that may be at higher risk.
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Tables & Figures
Table 1 The number of wood frog (Lithobates sylvaticus) tadpoles (control or infected
treatment) in the experimental infections conducted in 2018 and 2019. Rows (experiment
year) are grouped by egg mass collection sites (represented by letters). Columns with
(MHC) are counts of individuals selected for MHC analysis (N = 33) based on time to
death and viral load. The number of egg masses represented and the number of
euthanized individuals in the experiment and the MHC analysis are shown from each
population and year.
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Table 2 Genetic diversity metrics of the MHC class IIβ gene from 33 experimentally
Ranavirus-infected Lithobates sylvaticus (wood frog) tadpoles. MHC haplotypes were
grouped into 4 supertypes: VT-01, VT-02, VT-03, and VT-04. We calculated the mean
diversity within each population (HS), total genetic diversity in the pooled supertypes
(HT), the total genetic diversity distributed among supertypes (DST), and the measure of
population differentiation among supertypes (FST) and within supertypes (FIT).
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Table 3 Estimated coefficients from the linear mixed effects model testing whether amino
acids at positively selected codons of MHC class IIβ exon 2 affect the Ranavirus load in
33 experimentally infected Lithobates sylvaticus (wood frog) tadpoles. Tadpole life stage
at the start of the experiment was included as a fixed effect and experiment year,
population, and egg mass were included as random effects.
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Figure 1 (a) The integer neighbor-joining haplotype network of 24 Major Histocompatibility Complex (MHC) class IIβ exon 2
haplotypes of wood frogs (Lithobates sylvaticus) collected from 8 wetland areas in Vermont, USA in 2018 and 2019. Hatches
show the number of mutations between sequences and colors show collection source location (b) Super haplotypes were
distributed across locations at varying prevalence.
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Figure 2 The Bayesian inference phylogenetic tree using the GTR + I + G model and showing the relationship among Major
Histocompatibility Complex (MHC) class IIβ exon 2 haplotypes from 8 Vermont wood frog (Lithobates sylvaticus)
populations. We detected 24 unique haplotypes among the 66 sequences from the 33 individuals that separated into two deeply
diverged clades. The 24 haplotypes formed 4 ‘supertypes:’ VT-01 (n=19 sequences from 7 haplotypes), VT-02 (n=13
sequences from 4 haplotypes), VT-03 (n=8 sequences from 4 haplotypes), VT-04 (n=26 sequences from 9 haplotypes). Node
and branch values are posterior probabilities of the model and used to weigh the branches. VT-04 had the lowest branch
support (50% posterior) and VT-01 had the highest branch support (94%). Inset shows separation of supertypes using
discriminant analysis of principal components (DAPC) analysis.

Figure 3 Survival curves differed among (a) the 4 wood frog (Lithobates sylvaticus)
MHC class IIβ exon 2 supertypes, factored by allele status (heterozygote or homozygote)
in the best model (loglike = 12.8; P=0.01 Cox PH), and (b) among tadpole categories.
Resistant, tolerant, and susceptible individuals were categorized based on their time to
death, clinical signs, and viral load at death (copies ng-1). The probability of death did not
differ among populations, years, or infection treatments. Survival differences were
significant both across all individuals (N=33) and across only individuals that were not
euthanized early (N=26).
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*

*

Figure 4 Major Histocompatibility Complex (MHC) class IIβ exon 2 supertypes of 32
experimentally infected Lithobates sylvaticus (wood frog) tadpoles differed in their
weight difference, which was measured immediately before experimental infection and
after death or euthanization. One tolerant individual had missing weight data and was
removed from analysis. Individuals in MHC supertype VT-02 had more growth than
those in VT-01 (* P < 0.05).
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Supertype
Figure 5 The distribution in the number of wood frog (Lithobates sylvaticus) tadpoles
resistant, susceptible, and tolerant to experimental Ranavirus infection (N=33) among
supertypes (P=0.002; Fisher’s exact test) and between years (P > 0.05, n.s.). Egg masses
were collected from 8 sites in Vermont in 2018 and 2019.
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Figure 6 The synonymous and non-synonymous rates at each amino acid site in 24 haplotypes of the Major Histocompatibility
Complex (MHC) class IIβ gene exon 2 (4 supertypes: VT-01 to VT-04) from 33 wood frog (Lithobates sylvaticus) tadpoles
varying in their susceptibility to Ranavirus. We detected positive selection (ω > 1) of 8 codons (codon positions 1, 3, 14, 16,
50, 67, 68, 76) and two codons under negative, purifying selection (ω < 1; positions 59, 89) across all haplotypes (represented
by red stars). Egg masses were collected from 8 vernal pools in Vermont in 2018 and 2019.
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Figure 7 Amino acids at positively selected Major Histocompatibility Complex (MHC) class IIβ gene exon 2 codons were
associated with increased or decreased Ranavirus viral loads (viral copies ng ) (a) and survival (b, c) in 33 experimentally
infected Lithobates sylvaticus (wood frog) tadpoles. (b) Individuals also varied in their survival depending on the amino acids
expressed at codon 14 (d) and codon 76 (e) and whether they were hetero- or homozygotic (b-e), with homozygotes generally
having an increased probability of death. Egg masses were collected from 8 vernal pools in Vermont in 2018 and 2019.
-1

OVERALL CONCLUSIONS
Given that viruses are an estimated 1031 in number across the globe (Breitbart and
Rohwer 2005) and constitute the greatest genetic diversity on Earth (Suttle 2005),
shockingly little is understood about their distributions, structure, and ecological
dynamics (Breitbart and Rohwer 2005), especially those in wildlife systems (Daszak et
al. 2000). Approaches that use individual, population, and environmental perspectives to
investigate the ecology, pathology, and population biology of host-parasite systems have
been successfully applied to human emerging infectious diseases (EIDs) (Engelthaler
1999). Yet, these integrative approaches in wildlife EIDs are lacking (Daszak et al. 2000;
Hoberg et al. 2008; Grogan et al. 2014). The goal of my research was to employ an
integrated approach using a combination of classical and novel techniques from diverse
disciplines to increase the understanding of the disease ecology, dynamics, and
underlying mechanisms of an EID affecting wild animal populations. Specifically, I
examined the distribution, ecological drivers, and host-pathogen dynamics of the
emerging infectious disease, Ranavirus, which causes amphibian population declines
around the world (Brunner et al. 2005). Its ability to infect a wide range of hosts, global
distribution, and high virulence clearly establish the virus as a global threat to amphibian
populations. Thus, it is imperative to understand its ecology and impacts in a variety of
habitats to better predict host responses and plan for conservation actions.
Before my work, it was unknown as to whether Ranavirus was present in natural
amphibian communities in Vermont. The only documented record and one of the first
recorded cases of the virus in the United States (Gray and Chinchar 2015) came from a
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study in New York state investigating cancer in the liver of a northern leopard frog
(Lithobates pipiens) purchased from a business in Vermont (Clarke et al. 1968).
Surrounding Vermont, Ranavirus and associated mortality events had been found in
amphibian communities of Maine (Gahl and Calhoun 2010), Massachusetts and New
Hampshire (Green et al. 2002), New York (Brunner et al. 2011), New Jersey (MonsonCollar et al. 2013), and Quebec (Paetow et al. 2011) and Ontario (Greer et al. 2005),
Canada. However, many of these studies did not report the prevalence or only
documented mass mortality events. Therefore, Ranavirus distribution, prevalence, and its
associated factors were virtually unknown in Vermont and not well understood in New
England before my research. Additionally, longitudinal surveys are generally lacking in
the system (Gray et al. 2015). Understanding the prevalence and impacts of ranaviruses
on Vermont amphibian communities, as well as the ecological drivers and interactions
influencing its occurrence, adds to our knowledge of the ecological dynamics of viruses
and emerging infectious diseases in wildlife.
One of the fundamental goals in disease ecology is to assess the importance of
ecological drivers and the biotic community on pathogen dynamics. The 4-year survey in
my first chapter furthers our understanding of overall Ranavirus distribution, prevalence,
and patterns and contributes a longitudinal study to the very few in the system. Primarily,
I determined Ranavirus occurrence, prevalence, and intensity can be sensitive to
amphibian community composition in New England wetland assemblages. My work
provides insight into the ecological roles of spring peepers (Pseudacris crucifer),
American bullfrogs (L. catesbeianus), and eastern newts (Notophthalmus viridescens) in
Ranavirus dynamics. While spring peepers and American bullfrog abundances could
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amplify load or prevalence, eastern newt abundance may dilute the virus. These species
had been documented in mass mortality events from opportunistic collections by
scientists and concerned citizens (Gahl and Calhoun 2008; Gray et al. 2015), but their
individual and combined effects on the virus had yet to be investigated. Since Ranavirus
prevalence can be impacted by amphibian host abundances, biodiversity loss from habitat
destruction and other emerging diseases may have profound effects. Finally, my findings
provide further support that multiple species and individuals exhibit subclinical
Ranavirus infections in natural settings (Gray et al. 2007; Hoverman et al. 2012; Olori et
al. 2018; Davis et al. 2019; Maclaine et al. 2020), perhaps more than previously thought
(Brunner et al. 2019). These individuals could be survivors of prior mortality events, now
harboring chronic infections. However, such latent infections can flare during periods of
stress and could potentially lead to more Ranavirus outbreaks (Maclaine et al. 2020).
More field and experimental studies are needed to assess the importance of subclinical
infections in natural populations.
My second chapter was the first survey of concomitant infections in invasive
bullfrogs in South America. It was also one of the first records of Ranavirus in amphibian
populations in Brazil and the first survey of adult naturalized bullfrogs in the country.
Many Ranavirus surveys and studies focus solely on tadpoles and metamorphic larvae
due to the lower infection and mortality rates in adults (Miller et al. 2011). Importantly,
my results suggest these asymptomatic invasive adults could be serving as reservoirs in
the Ranavirus system. Since the amount of viral shedding into the water generally
correlates with the infection intensity measured in liver and kidney tissue (Brunner et al.
2019), the few individuals with high Ranavirus infection loads could be amplifying
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native anuran infections. Those with low to moderate infection levels could alternatively
be ‘priming’ the native anuran immune systems (Nelson et al. 2015). Additionally, my
results suggest that subclinical infections may affect the parasite community dynamics
within the host, making the individual more susceptible to macroparasites. This supports
previous experimental co-infection studies (Wuerthner et al. 2017; Ramsay and Rohr
2021) and further indicates subclinical infections impact host health and fitness in
different ways (Echaubard et al. 2010).
My third chapter served as the first experimental association between Ranavirus
susceptibility and an immune response gene. It was also the first study to assess the
genetic variation in tolerance and resistance to the virus, which is less commonly studied
in animals (Råberg et al. 2007). We found a portion of the Major Histocompatibility
Complex (MHC) class IIβ gene in Vermont wood frog (L. sylvaticus) populations was
under significant positive selection and exhibited high diversity. In fact, thirty-three
tadpoles exhibited 24 MHC haplotypes, and those fell into 4 supertype groupings. I found
wide genetic variation in both tolerance and resistance to infection phenotypes since they
were observed throughout all MHC supertypes. This suggests that multiple genes and
additional traits may be important in resistance to Ranavirus infection and should be
investigated further. MHC heterozygotes did not exhibit increased survival when
infected, and rarer alleles seemed to confer greater benefit. Multiple amino acid sites
across the gene exon affected Ranavirus load and mortality, suggesting multiple peptide
pockets may be involved in susceptibility and the immune response. My study provides
greater understanding of immune defense mechanisms against Ranavirus by identifying
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adaptive genetic markers, which could ultimately aid in amphibian biodiversity rescuing
efforts (Bataille et al. 2015).
My research lays fundamental groundwork for future studies, both in the New
England region and globally. Our findings on the effects of New England species
abundances on Ranavirus presence and prevalence could be used in predictive modeling
and aid in identifying wetland areas most at risk for an outbreak. This could be done by
using predicted species compositions and the distances from fishing access areas to
predict Ranavirus occurrence and prevalence. Collecting environmental DNA from
wetlands with high predicted probabilities of Ranavirus could offer a less expensive way
to ground-truth models, in lieu of or in tandem with collecting amphibian tissue samples
(Hall et al. 2016). Importantly, the results from my amphibian surveys in Vermont and
Brazil add to our understanding of American bullfrogs as reservoirs in the system. The
prevalence and viral load in native and invasive individuals suggest adults could affect
Ranavirus epidemiology and should be included in future surveys and community-level
disease models. Finally, my characterization of resistance and tolerance at low infection
levels can potentially provide initial parameters for subsequent SIR modeling efforts.
Future experimental studies should assess whether resistant and tolerant tadpoles are still
shedding virions into the environment, and if so, whether they do so at ecologically
relevant rates.
This dissertation research was completed through the hard work of myself and
many others. However, how I carried out these projects could be improved on. For
example, I would have liked to include mesocosm experiments in my first chapter to
support the patterns observed in natural Vermont populations. By conducting mesocosm
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experiments, I could quantify the effect on Ranavirus prevalence from changing
abundances of the species most impactful to the system. I would have also preferred to
use the more universally used and cited quantitative PCR Taqman protocol (Stilwell et al.
2018) for amplifying Ranavirus in all samples and not only positives; however, the
project had limited funds and the SybrGreen assay (Kimble et al. 2015) was most costeffective, yet still specific and sensitive. We tested both qPCR assays on a small subset of
samples (N = 13), and the generated CT values exhibited a strong correlation (m = 1.01;
R2 = 0.94), indicating the assays perform similarly. Therefore, using the SybrGreen
protocol could be an effective way to screen many samples for Ranavirus in cost-limited
future studies and should be examined further. Additionally, I would have preferred
better species identifications of the helminth parasites for my second chapter, which
would offer much more information on the macroparasite community and the observed
patterns. However, those data were collected by another institution and are still being
processed. In my third chapter, the genetic diversity of microsatellites would have ideally
been analyzed in addition to the MHC gene. This could have allowed us to estimate the
true underlying genetic diversity among the wood frog populations and compare it to that
observed in the MHC exon. However, time and cost limitations prevented me from
pursuing this idea. Finally, since I now know how all-consuming water changes can be, I
would have invested in a few tanks for the hundreds of tadpoles.
Over the course of my dissertation, I was able to build upon and greatly expand
my prior fieldwork, laboratory, and computational experience, which enabled me to use
an integrative approach for my questions. Through presenting my work at various stages
in its process, attending workshops, and creating reports for landowners and the state, I
119

now feel confident in communicating my research to a wide audience at both small and
larger scales. I enjoyed many opportunities to form international friendships and
collaborations, as well as work side-by-side with amazing scientists. Through my time in
the program, I learned it was okay to not know everything, as long as you keep asking
questions. Crucially, I learned the importance of a work-life balance to avoid burnout and
the ability to trust in yourself and your abilities.
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